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The Seiches in a Strait Connecting Two Seas 
By G R Goldsbeough, F R S 
(Received 29 June 1937) 

1 — Introduction 

The seiches or free long waves m lakes or seas with complete boundanes 
have been determined in many cases When the boundanes are incomplete 
the problem presents greater difficulties and the results are less defimte 
Expenmental and theoretical studies have been made by many investi- 
gators (Hams 1908, Honda and others 1908) 

The analysis in elhptic co ordinates used by the writer (1930 and 1936) 
for certain problems of completely bounded seas lends itself somewhat 
readily to the problem of a strait connecting two open seas For a certain 
law ot depth the general equations are reilucible and solutions follow without 
much difficulty 

For exact solutions it is necessary to solve the penod equation by con- 
tinued approximation But it is shown that in an important group of cases 
very approximate results can be written down explicitly and interpretation 
then follows readily 

2 — Thf equations for a strait joining two seas 

It has been shown by the writer (1930) that the equations of motion of 
long waves of penod 27r/A in eUiptio co-ordinates can be reduced to the 
equation 

where H = c’*(cosh*g-co8*^), h is the depth, and C is the displacement ol 
the surface at the pomt (i, 7) 

Take A = Ao(oosh*^-o)(a-cos*i/), 0<a<l (2) 

In the problem as defined by (1), h must be positive or zero Hence 
0<cos*j/<a The surface of the corresponding sea lies between tlie two 
branches of the hyperbola cos*^ = a, and the bed of the sea has the form 
of a hyperboho paraboloid 
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The maximum depth on the transverse axis of the hyperbola is at the 
centre, and the depth increases indefinitely with increase of distance firom 
this point along the conjugate axis The equation ( 1 ) is based upon the 
assumption that the depth is everywhere small compared with the wave- 
length At pomts along the conjugate axis sufficiently remote, this con- 
dition clearly will be broken As will be seen later, however, the wave 
motions diminish in amplitude with recession from the transverse axis, 
and at points where the equations of long waves cease to apply the motion 
18 practically zero 

On substituting ( 2 ) m ( 1 ) ue have 

(a - cos* ff) % (cosh* ^ - a) + (cosh* ^ - a) ^ (a - cos* v) ^ 

05 05 07 01 ] 

+ /c*(co8h* i — cos* 7)^=0, 

where x* = Xh'^jgh^ 

The variables are separable by putting g = M{^)N{i]) Then we have 

~ (a- cosh* i)^-K^M + k{a- cosh* |) = 0,] 
dg ag I 

^(o-cos*7)^+ic*A-A;(a-co8*7)Ar = 0, j 

k being an undetermined constant 

Substitute fe = — 4 a(or — 1 ), 

/c* = 4 o"((r— 1 ) (7 — a), 

and these equations reduce to 

j (a — cosh* - 4 <t(o’ — 1 ) (? — cosh* QM — 0 , 

^(a-cos*7)^-h4(r(cr— 1)(7 -cos*7)A^ = 0 

These are the same in form as those used by the writer (1936, p 13) and 
may be treated in a similar manner 

The polynomial solutions of these equations hitherto used are, however, 
mappropnate to the present problems We therefore seek solutions m the 
form of infimte senes 
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The Seiches in a Strait Connecting Two Seas 
Put v — cosh* — cos* ?! and equations (4) become 

v(v-l)(v-o)^^ + (2v*-fp-oi' + ia)^ + cr(tr- l)(g->^)i/ =0, (5i) 

li(H-\)(fi-a)-^^+{2fi^-lH-afi+\a)^~^+cr{a-l)[q-n)N = 0 (5u) 

The solutions of these equations must satisfy two conditions 

(0) N must be fimte when ji = a, 

(1) jlf ->■ 0 as V 00 

For the second condition a solution of (5 1) in powers of I jv is required 
On putting 6 — Ijv, equation (6i) becomes 

Oil -ad) (I -0 ) + (r((r - 1 ) (g - = 0 (0) 

The point = 0 is a regular singularity The solution in the vu imty ot this 
point 18 J/ = 2a„d^+'‘,wherothe index c ISO- or I — o-, and, for the first index, 

a„+i(n + 1) (20- + n) + a„{o-(o- - 1 ) g - (o- + a) (o- + m - J ) -o(cr + n)*} 

+ «„,! a(o-4-n-l)(o- + w-i) = 0 (7) 

On wntmg this relation becomes 

■^n»-i{« + + + l)g-((r + w)(o- + n- J)-a(o- + n)*} 

+ o(o- + a-l)(o- + n-i)/iV',. = 0 (8) 

For large values of n, (8) has the bmiting form 

N„^^-[l+a) + a|N„ = 0, (9) 

which IS satisfied by N„ = 1, a, for all n 

More exactly we find in the first alternative, For large 

values of n the coefficients a„ then approximate to those of the expansion 
of ( 1 - (9)‘, and M has the form 0 + il-O)*T By the argument of Lamb 
(1932) this would produce a discontinuity in the ^ component of the 
velocity on the transverse axis 

The series solution of (6) must be convergent for ^ = 1 Hence, since 
o < 1, the quantities a, q must be determined so that while (8) is satisfied 
N„-^a 
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The equation (5ii) has a solution for the regular singulanty /i = 0 in the 
form where c = 0 or and 

“n+i »(» + 1 ) (» + i) + an{(Ti<T -\)q-n\\+a)-\n} 

+ ffl'_i(n-(r)(n-f O'- 1) = 0, (10) 

for the hrst index, and 

«n+i o(n + 1 ) (n + 1 ) + a;((r{(r - 1 ) g - (« + 1 + «) - + i)} 

+ a;_,{n*-J-cr((r-l)} = 0, (11) 

for the second index 

Consider the solution defined by ( 10) If (r is mtegral the senes terminates 
and q is determined by an algebraic equation Since o' must also satisfy (8) 
it cannot in general be integral, and the senes of (10) will be infinite 
Putting the recurrence formula (10) reduces to 

xV„ a(n + 1) (n -f ^) + - 1 ) g - n*( 1+ a) - ^n) 

+ («-(T)(» + cr- 1 )/jV4 = 0 (12) 

For large values of w, (12) has the limiting form 

iv;+, a-(l+o)+l/jv; = 0 , (13) 

which IS satisfied by = 1, l/o for all n, or more exactly in the second 
case ~ 1 /a( 1 — 1 /a) Since in the problem formulated 0 < /i ^ a < 1 , the 
constants a, q must be determined so that while (12) is satisfied, N^-^l 
A similar conclusion holds good for the series defined by (11) 

The formulae (7), (10), (11) lead in the usual manner tomfimte continued 
fractional equations The problem is now to determine a, g from (7) and (10), 
or from (7) and (11) with in each case the appropnate convergence con- 
ditions 

The equation (0) has a second index 1 — <r associated with the point 
0 = 0, which has so far not been used Insiiection shows that if (10) is 
satisfied by a certain value of a it is also satisfied when the same value is 
placedfor 1 — cr Hence if m (7) we replace <r by 1 — <r and use it in conjunction 
with (10), precisely the same solutions will appear as before 
In (8) putp = <r((T~ l)g, 

jr _ p~{a' + n) (ar+n-i) -a{(r + ny 
" ~ {n+l)(n + 2<T) 

_ a((r + n-l){(r+n-)i) 

(«-l-l)(»-t-2o-) ’ 



5 


The Seiches in a Strait Connecting Two Seas 


then 



and 

N = ( 

(14) 

Similarly, m (12) put 




L' = 

" a(n+l)(w + |) ' 
> ^ ( n-q-)(n + (r-l) 
a(»n-I)(n + J) ’ 


then 

S'n. 

Yi-^K^y'JSn = o,] 


and 

S'„ 

, 1 
= v»- ^ 1 

(16) 


These forms will be found useful in the later calculations 


3 A FURTHER TYPE OP SOI IJTION 

The Singularity p = 1 of equation (6i) appears in the range of the variable 
of the present problem But, as 0 < a < 1, the singularity = 1 does not 

appear in (5u) 

On substituting M = l)w, equation (6i) reduces to 
Kv-l)(v-a)^J + {3p*-2«P-iv+ia)^ 

+ {ii'-ia + o-{<r- l)(q~u)}w ~ 0 (16) 

On puttmg p = Ijd, this reduces to 


+ (jg-l'> + '^«--')(«-g))«' = » (17) 

For a solution vahd in the vicinity of (9 = 0, put w = 2a„^+" The mdioes 
are (r + ^ and f — cr, and associated with the first is the recurrence formula 

+ a„{cr(<r- l)g-(<r + 7i) ((r + n+ J)-a(cr + n)®} 

+ ««-i{«(<^ + ») (o- + » - ^)} = 0 


( 18 ) 
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When (18) has been solved as before with the appropriate conditions, the 
solution of (5i) takes the form 

M = v-" 

Hence for a valid type of motion, cr>0 
As before the solution associated with the index f - cr introduces nothing 
new 

Collecting the results we see that there are four types of solution of the 
equation (1) which apply to the jiroblem as at present formulated 

(i) the association of (7) with (10), 

(ii) the association of (7) with (11), 

(in) the association of (18) with (10), 

and (iv) the association of (18) with (11) 

We proceed to discuss the modes of motion defined by each type 


4 — Some approximate results 

The coasts of the strait are defined by the parameter a The more interest- 
ing cases occur when a is small compared with unity We therefore proceed 
to form approximations in which a is neglected in companson with umty 
Since in equation (6), 0 < W < 1 , for small a that equation becomes 

+ !)(?■- (19) 

The singularity 6 = 0 has indices <r, I - a Corresponding to the former 
the solution is 

M = 

where a^^^(n + 2a)(n+l)-\-aJ^(T(cr—\)q—((T->rn)(a + n-\)} = 0 (20) 

h’rom this we — and by the same argument as before 

it would load to a discontinuity of the ^-component of velocity on the 
transverse axis 

This senes is only valid at ^ = 1 if it terminates, and this requires that 

(r(a-\)q = {(r-irn){(T + n-\), (21) 


for some integer 
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A further necessary condition is that <r> 0 Next consider equation (5n) 
Since 0^/i^a, then provided that q is large compared with a, the equation 
reduces to 

sifii fijq 

+ + = 0 (^2) 

The indices at // = 0 are 0, J Hence the solution is 
N = LKn^, 

where a{n+\){n + \) + a'J^(r{<T-l)q-n(n + \)} - i}, (23) 

or N = 

where a^+i a(n+ l)(n + 3) + o;{o-((r- l)g-(n+ i)(/i+ 1)} = 0 (24) 

Each of these senes is valid up to /t = a only if it terminates That is 

o'((T- 1)7 = m(m + i), or (i»+i)(m+l), (25) 

where m is an integer 

The solution (20) may be associated with (23) or with (24) to give 
approximately the modes of the first and second types 
Lastly we may reduce (17) in the same way, obtaining 

( 20 ) 

The requisite solution is 

w = ra„^'"+'*+*, 

where o„^.i(2or + ?i)(n+ l) + a„{<r(cr- l) 7 -(o- + n)(or + n + ^)} = 0, (27) 

and the corresponding solution of (5 1 ) is 
M = EaJ(\ 

The solution determined by (27) is fimte when 

o-(cr- 1)7 = (<r + m)(cr + m+ J), (28) 

m being an integer 

By associating (27) with (23) and with (24) we may determine approxi- 
mately the modes of the third and fourth types 



8 


G R Goldsbrough 


We proceed to discuss the types in detail 
(i) First Type 

Let p s (r(<r - 1 ) ?, and wt, n be integers From (2 1 ) and (25) we have 
p = in{m + ^), 

<r = m- n + i, or -m-n 

Since <T must be positive the second value is discarded and m 5* n 

Let P„(^) be a polynomial m a; of order n For this type the complete 
solution 18 

Penod. 5 {»(» + }))-■, 
f = e‘''^(co8h|)-*’”+*’'“^P„(coBh-*^) P^(co8*i;), (29) 

P' being a eecond form of polynomial 
It 18 readily shown in the U8ual way that P„(a:*) has n real zeros in x The 
motion given by (29) therefore exhibits n nodal Imes which are portions of 
ellipses and m nodal lines which are hyperbolas 
It will appear later that when a is of the order 0 1 the approximation just 
found 18 fairly close to the real value except for the case m = w = 0 
(n) Second Type 
From (21) and (26) we find 

p = (m+ J) (m+ 1), 

cr = w — n+l, or — n — \ 

The latter is rejected, and again m > w 
The complete solution is now 

= e<'^(cosh^)-*"'+*'*-*P„(co8h-*g) cos^ Pm(cos*i/) 

This type of motion exhibits nodal hnes similar to those of the first tyjie, 
but m addition the conjugate axis is always a nodal hne 
(ill) Third Type 
From (28) and (26) we find 

p = m(m+i), 

cr — m — n, or — n — \ 

The latter value is rejected and m>n 
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The complete solution for this type is 

which IS the same as the value for the first type to the degree of approxima- 
tion used, and 

f = c'^‘smhg(c08b^)-*’"+*'“ ^P„(cosh^*^) Pm(co8®7) 

The transverse axis is an additional nodal line 
(iv) Fourth Type 

p = (m + \){m+\), 

(T — m — n+i, m^n 

a” -VP,) 

which is the same as the value for the second type to the degree of approxima- 
tion used, and 

^ = c*^8inh|(cosh^)~*’"+*“~*P„(cosh-*^) cos^P„(co8*^) 

The transverse axis and the conjugate axis are both additional nodal hues 
It 18 noteworthy that in each of the solutions the presence of a factor in 
the form of a negative power of cosh^ ensures that the wave amphtude 
dimimshes with increasmg ^ In tlie simplest cases the wave amphtude 
ultimately dimimshes as cosh'^^ This result is important in connexion with 
the remarks already made on the possibility of applying the method of 
long waves 


6 — Calculation of thh lower modfs of vibration 

We proceed to calculate more exactly the lower modes of vibration of 
each type by continued approximation Only one numerical value need be 
assumed at the outset, namely a, the others, c and may be left in their 
general form 

A convement value for a is 0 1 The boundmg hyperbola for the strait 
has thus an eccentncity 3 16, and the acute angle between the asymptotes 
IS 36° 48' 

The process is an extension of that of Hough ( 1897 ) The constants 
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p, (T are determined from the simultaneous equations (14) and (15), makmg 
a start by using the approximate results already found 


(i) First Type 

(a) Lowest Mode corresponding to n = wi = 0 

Assuming that = a, N'^ = 1, from (14) and (15) we have 


io-r^ = o, 
Li-i-a I 




(30) 


Using the values p = 0, o’ = J in the second members and solving we have 
the next approximation 


1 


For the second approximation, take JV^ = a and determine in succession 
the other A’s with the values of p, cr m (31) We have then 

W, = 0 0739, Wj = 0 0604, W, = 0 0334, 
and finally ^o+-^i = ~0 0019 (32) 


For correct values of p, <r, L^f + N^ should be 4ero In a similar manner, 
begmmng with N't = 1, we find 

iVg = 0 626, WJ = 0 466, N[ = 0 170, 
and finally + = - 0 021 (33) 

On solving (32) and (33) we have the improved values 
p = -0 0085, or = 0 498 

On rejioating the ofierations with these values of p, cr we find as a closer 
approximation 

p = - 0 00863, 
or = 0 498 


A final repetition gives the result, correct to three significant figures, 
Ai = 0 0333, Wj = 0 0601, W3 = 0 0740, 
a; = 0 1719, = 0 4671, WJ = 0 626, 

p = -0 00869, O’ = 0 498 
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Hence we have the final results 

Penod = 7 81 TTcj^igh^), 

f = e''''(co8h ^)-» »»«( I + 0 0333 cosh-* £ + 0 0020 cosh-* g + 0 001 5 cosh-* i ) 
x(l+0 1 7 19 cos* 1/ + 0 4571 cos* 17 + 0 0492 cos* 7 ) 

Since the maximum value of (os*;; is a, the second senes converges 
rapidly 

It IS noticeable that the expression for the displacement follows closely 
that indicated by the approximate solution (29) There are no nodal lines 
in the finite part of the sea A nodal line is necessary and may be regarded 
as at infinity 

(6) Second Mode corresponding tom = 1, » = 0 
Penod = 0 848 ncl^(g\) 

C = e‘^'(co8h§)-*-®<'* 

x(l +0 0859co8h-*^ + 0 00718co8h-*g+0 00061 cosh-*^ ) 

X ( - 0 0340 + cos* 17 + 0 364 cos* 77 + 0 214co8* 7 + O 1472 cos® 17 ) 

There are nodal hnes given by the zero cos* 77 = 0 0336 These are the 
branches of the hyperbola of eccentricity 6 46 
The approximate solution (29) gives 0 816 as the numoncal factor in the 
penod That solution also is hmited to the first term of the cosh | senes and 
the first two of the cos® 77 senes 

Figure 1 shows the wave-contours in a quadrant of the strait for this 
mode 

(c) Third Mode corresponding tom = 1, w = 1 
Penod = 0 834 ncl^igh^) 

^ = e^^‘ cosh-' ^( - 0 72 1 -t- cosh -* ^+0 0862 cosh-* ^ 0 00762 cosh"* ^ ) 

X ( — 0 0365 -f- cos* 77 -fO 664 cos* 77 -I- 0 475cos*77-|- ) 

There are nodal hnes given by 008*77 = 0 0347 and bj cosh*^ = 1 479 
The first gives the two branches of the hyperbola of eccentricity 6 37 and 
the second two portions of the elhpse of eccentncity 0 824 

(11) Second Type 

In place of (16) we take similar forms from (11) 



12 


G R Goldflbrough 


Put, for this case, 

I' = 

" a(n+l)(n + J) 

a(n+ l)(>i + f) ’ 
and consequently, as before. 


and 


^nn + I^h+y'JK = ^> 
= - rT^Krr- 


(34) 



Fio 1 — Showing the oo range lines in 
a quadrant of the strait for the second 
mode of the first type 


Fio 2 — Showing the oo range lines in 
a quadrant of the strait for the lowest 
mode of the second type 
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We now solve the paar (14) and (34) m the same manner as before 
The lowest mode of this type is given by taking wi = n = 0 We find then 
Period = 1 424 ncj^igho) 

^ = e*'''(cosh g)-* 

X ( 1 + 0 0686 cosh-* ^ + 0 004 1 5 cosh-* £ + 0 00o33 cosh-« g ) 

X cos 1^(1 +0 307 co8*^ + 0 166cos'‘r/ + 0 113co8® ?/ ) 

This mode is distmguished by having a nodal hne along the conjugate 
axis In fact, the motion is asymmetrical with regard to this hne 

Figure 2 shows the wave contours in a quadrant of the strait for this 
mode 

(m) Third Type 

The recurrence formula (18) may similarly be used with (15) tor the third 
type ot motion 

The lowest mode of this type is found by takmg m = 1, n = 0 We have 
then 

Period = 0 837 ncj^igh^) 

e''''8inh^(co8h^) 

X ( 1 + 0 0805 cosh-* ^ + 0 00727 cosh-* g+0 00063 cosh "* g + ) 

X ( - 0 03497 + cos* 7 + 0 6804 cos* 7 + 0 4003 cos® 7 + ) 

The transverse axis is a nodal line and the motion is asymmetrical with 
regard to it There is also a pair of nodal lines given by the hyperbola 
cos* 7 = 0 0343 

Figure 3 shows the wave contours 111 a quadrant of the strait for this 
mode 

(iv) Fourth Tyjie 
For this type we use (18) and (11) 

The lowest mode is given by wi = » = 0 

Period = 1 428 nclyj(gh^) 
g = e<*'8inhg(cosh^)-**“® 

X ( 1 + 0 06 1 1 cosh-* g + 0 00443 cosh-* ^ + 0 00035 cosh-® g ) 
xco87(l + 0 403co8*7 + 0 232co8*7 + 0 161cos«7+ ) 

Both the transverse axis and the conjugate axis are nodal lines 
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The contours for this mode are shown in Figure 4 



Fig 3 — Showing the co range lines m Fig 4 — Showing the co range lines in 

a quadrant of the strait for the lowest a quadrant of the strait for the lowest 

mode of the third type mode of the fourth type 

I am mdebted to Mr .John L Scott for assistance in preparmg the 
diagrams 

6 — Summary 

The problem studied is that of the natural vibrations of the water in 
a strait connecting two open seas The shores of the strait are the two 
branches of a hyperbola and a certam law of depth is chosen It is shown 
that such a system has free modes of four distinct types characterised by 



15 


The Seiches in a Strait Connecting Two Seas 

symmetry about both axes, asymmetry about the conjugate axis, asymmetry 
about the transverse axis and asymmetry about both axes, respectively 
In each case there is an infimfce number of distinct modes The waves diraimsh 
rapidly m amphtude as the channel widens The nodal hnes are members 
of the same family of oonfocal ellipses and hyjierbolas of which the shores are 
members 

Some of the lower modes are worked out completely for special cases 
But simpler approximations are given covering all the forms where the 
eccentricity of the bounding hyperbola is not too small 
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Production and Dissipation of Vorticity in a 
Turbulent Fluid 

By G I Taylob, F R S 
{Received 6 October 1937) 

In some recent publications (Taylor 1937, Taylor and Green 1937) the 
author has put forward the view that the high average vorticity which is 
known to exist m turbulent motion is caused by the extension of vortex 
filaments in an eddying fluid Let A and B be two particles a short distance, 
do, apart on a vortex line where the vorticity is Wp At a subsequent time 
when the distance between A and B has changed from dp to d and the 
vorticity from Wp to (j then, neglecting the effects of viscosity, the eijuation 
representing the conservation of circulation is 

w/wp = d/dp (1) 

Turbulent motion is found to be diffusive, so that particles which were 
originally neighbours move apart as the motion proceeds In a diffusive 
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motion the average value of (Pjdl oontinualiy increases It will be seen 
therefore from ( 1 ) that the average value of w®/ wg contmually mcreases An 
equation for the average rate of increase in lu® has been given by v Karman 

( 1 937) which contains the term w® , where the bar shows that the average 

value has been taken and dvjdx^ represents the rate of stretching of vortex 
filaments 

The argument given above would lead to the expectation that there is a 
positive correlation between w® and dujdx^, since places where the vortex 
filaments are stretchmg are places where high vorti cities may be expected 
On the other hand, v Karman (1937) made the contrary assumption that 

w® = 0 
0x3 

In conversation with the author v Karman pomted out that apart from 
the (piantity under discussion, namely, equation contains only 

(juantities which can be measured in a wind tunnel, so that it should be 
possible to estimate the value of <y® in an actual case of turbulent flow 

This suggestion has now been earned into effect 
V Karman’s equation is 


0 -a 

dt 


=-.4S)' 


+ 2 S, 


( 2 ) 


where x^, Xp x^ are the co-ordinates and Wj, Wp (O/^ arc the components of 
vorticity so that w® + wj -f w® = w®, S is the quantity under discussion, 
namely (v Karman 1937), 






duf 

0Xfc 


( 3 ) 


The components of ( 2 ) wnll next be expressed m terms of quantities which 
have been measured 111 a wind tunnel These measurements were 


1 — The values of w® at various distances x down-stream from a 3 x 3 in 
square-mesh grid 

2 — The correlation, between the velocities at points r apart in a line 
parallel to the direction of the wind 

These measurements have already been published (Taylor 1937, figs 2 
and 3 ) Since the average conditions at a fixed point in the tunnel are 
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constant while the whole turbulence is earned by a stream of mean velocity 
in (2) corresponds with U applied to the measured quantities 

Consider the first term in (2), namely, It has been shown that 

(Taylor 1937) in these measurements the turbulence was isotropic, and loi 
isotropic turbulence (Taylor 1935) 

w-* = 15 w^/A*, ( 4 ) 

wher, -‘’-["aJL 

A 18 related to the variation in w® with x thus (Taylor 1935 and v Karman 

1937) 


where i> = /ijp is the dynaniu viscosity Combining ( 4 ) and ( 5 ) 


d-r. 


4 $) 


3 di 
2vdt^ 




( 7 ) 


In representing the measured values of on a diagram it is convement 
to plot against x because it has been found in some cases (and in 

particular lor the present measurements) that the t urve so produc ed is a 
straight hne (see Taylor 1937, hg 3 ) If ft is the slope of the x) 

curve, /? may bo regarded as a ijuantity which has bet n measured for a range 
of values of x In the present measurements as mentioned above, was 
independent of x, but the analysis applies also in cases when is a function 
of X 


Writing 




(8) 


where 


u’ = Vm* 


it will be noticed that 


and 


Hence from ( 7 ) 


dr ' V V dx 


(«) 

(10) 


Vol CLXIV— j 
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The first term on the right-hand side of (2) is associated with 
by an equation which is analogous to that which connects with 

\j^f\ ^ namely (Karmaii 1937), 

Substitution from (3), (10) and (11) in (2) 


( 11 ) 




PI. 


ExPhRIMENTAn DATA 

The measui’einonts here descnbed were made by Mr L E G Simmons at 
the National Physical Laboratory in a wmd tunnel across which a 3 x 3in 
square mesh giid was placed It was found that when V ju' was plotted 

against x a good straight line was attained so that ^ 

The value of fZ/w' at jr = 6ft lOin was 33 and at 14ft lOin it was 69, 
36 

sothat/? = — - = 0-147(111 ^(Taylor 1937, p 314) Atf" = 15ft /see , 

and at ar = 6ft lOin therefore u’ = ^^x 12x 254 = 138cm /sec Using 
p = 0 1 4 c g 8 it will be found that 

= V*= 250xl0«sec -3 (13) 

2 3/ 2 r ^ ' 

Emluatton of 

The observed values at U = 1 6 ft /sec of near r = 0 were plotted on a 
large scale, and the following values were taken from the faired curve 
(fig 1 ) drawn as nearly as possible through the observed points 

one may determine three constants a, b and c in the 

expression 

I- R^ = ar^ + br* + cr^, (14) 
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that it fits three of the observations given m Table I Then evidently 
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Inserting in (14) the values of (1 - B^) given m Table I for r = 01, 016 and 
02 in and solving for a, b and c the following values are obtained 

a = 915m-®, 1 

fc=-182in-*, i (17) 

c = 1730in -• j 
Inserting this value of a in (16) 

A = (2a)-l = 0 234111 = 069 cm (18) 

This value may be cheeked against the value derived from the equation for 
the decay of turbulence which may be written in the form 

Inserting (c = 0 14, yff = 0 147, «' = 138 cm /sec , it is found that 

A = 06‘)cm (20) 

The agreement between (18) and (20) is probably better than is warranted 
by the experimental data 

The parabola which coincides with the curve at its vertex is shown 
by a broken Ime in fig 1 It is clear that the method descnbed above for 


determining 




only accurate it the range of the Ri 


curve used is so small that it can be represented by a small number of 
terms of the expansion in even powers of r It is worth while setting dow n 
the values of the separate terras m the senes (14) for some values of r 
intermediate between the 3 values = 0 1, 0 16 and 0-2 in which were used 
to determine o, h and c This is done in Table II 


Table II— a = 9 15, 6 = - 182, c = 1730 


Inches 
0 06 
0 10 
0 13 
0 16 
0 17 
0 20 
0 26 


ar> 

0 0229 
0 0916 
0 1643 
0 2000 
0 2646 
0 366 
0 672 


hr* 

-0 0011 
-0 0182 
-0 0619 
-0 0923 
-0 1620 
-0 2900 
-0 7100 


a* 

0 00003 
0 00173 
0 00833 
0 01970 
0 04160 
0 11000 
0 426 


r* + 6r* + cr* 
0 0218 
0 0760 
0 1107 
0 133 
0 164 
0 186 
0 287 


l-ff, 
(fig 1) 
0 022 
0 075 
0 111 
0 133 
0 164 
0 186 
0 233 


In cols 2, 3 and 4 are the values of or®, br*, cr^, while in col 6 the values of 
or® + 6r^ + cr* are given In col 6 are shown the values of R^ taken from 
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fig 1 The figures in cols 6 and 6 are identical at r = 0 1, 0 15 and 0-2in 
because the constants a, h and c are determined from these three points, 
but the coincidence at r = 005, 016, 017 shows that the approximation 
to r® 18 sufficiently accurate to cover the range from »- = 0tor = 02 There is 
considerable difference between cols 6 and 6 at r = 025, due no doubt to 
the fact that terms in higher powers of r are becoming appreciable 
Substituting from (17) in (16) 


so that 



= 24 X 182 in = 105 cm 

35 X 0 14 X (H 8)2 X 1050 = 9 8 X 10® 


( 21 ) 

( 22 ) 


Substituting from (22) and (13) in (12) il will be seen that in the present 
case 

*S'-= -250xlO®+9Sxl0® = 7 1xl0®sec-» (23) 

The first term, 2 5x10®, reiiresents the rate at which vorticity is decreasing 
the second term, 98 x 10®, represents the rate at which vorticity is being 
destroyed by viscosity It will be seen tliat in tins case the rate at wlueh 
vorticity 18 being destroyed by viscosity is four times as great as the rate at 
which it IS disappearing in the tuibulent field The deficiency, equal to three 
times the rate of dei ay of vorticity, is sujiphed by the action represented by 
S namely the extension of vortex filaments in places where the vorticitj 
18 high 


of Increxise in ffind Speed 


As the speed b of the flow increases increases proportionally 

to U, and if T is sufficiently great the (ffj, r) curve becomes nearly pointed 
at the top Even in the limit when f/->oc this part ot the curve however 
seems to be a finite angle rather than a cusp Measuring the slojie of 
the approximately straight part of the curve m fig 1 , i e the portion 
between r = (>lin and r = 03in , it is found that the angle in this case 

corresponds with a value of equal to — 1 02 in 


The portion of the iZj curve shown in fig 1 may be regarded roughly as 
being made up of a parabolic fiart up to r = 006 in and a straight fine tiom 
r = 006 tor = 02in 
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It wUl now be aesuraed that as U increases the upper part of the curve 
consists of a parabola joining on smoothly to a straight hne whose slojie is 


At the point where the straight line is tangential to the parabola, namely, 
r = 006in the term br* in (14) is becoming appreciable compared with ar'^, 
m fact at r = 006 


We can now derive roughly the value of terms of 

follow s 

If ri 18 the value of r at which the straight line is tangential to the parabola 
1 / 7 ^ 

we may assume that — ^ = 0*07 

To find rj, notice as in (24) that the shape of the parabola at r - ri must lie 
such that ^(-fii) = - 1 02, thus = - 1 02 

It appears therefore that in this case 

(l02)MLrf»-Or=oi ^ ^ 

Taking, for instance, the case where U — 15ft /sec 


0 that the approximate formula (24) gives 

= 0 81(18 3)» = 49x l Q»ir 


The true value given in (21) is 24 x 182 = 44 x 10®in Thus the value 
obtained by using the rough approximation is not far from the true v alue 
Using this approximation the effect of change in wind speed can be 
estimated Since the value of u'lV at a fixed point remains constant as U 
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vanes, it will be seen from (22) that A-®oc U and since A-’* 
•how, that 




(27) 

(28) 


Sufficient data are now available to predict the effect of an increase in U 
on the terms m Karman’s equation (12) for rate of change m vorticity 
Referring to ( 1 2) and remembering that u'jU was found to be nearly constant 

as U changed, it will be seen that the hrst term ^ ^ is proportional to U*, 
2 ot 

while the second term is pro|X)rtional to « to f/® 


It appears therefore that the ratio of the rate of dissipation of vorticity 
by viscosity to the rate of decrease in vorticity ineroascs proportionally to 
II When V is very great rate of production of vortuity by the extension of 
vortex filaments becomes veiy gieat compared with the rate at which 
vorticity IS decreasing 


Summary 

When isotropic turbulence is set up in a fluid, o g by moving a grid of 
regularly spaced bars through it the average vorticity decreases with time, 
this decrease is due to viscosity Recently von Kaiman has calculated the 
rate at whic h voi ticity is destroyed by viscosity His equation involves only 
quantities which can be measured in a wind tunnel by means of the hot wue 
technique These quantities have now been measured in one case, and the 
late of decrease m the mean square of the vorticity has also been measured 
In this case it is proved that the rate of dcstiuction of vorticity by viscosity 
IS four times as great as the rate at whuli vorticity disappears Vorticity 
IS therefore being jiroduced by extension of vortex filaments three times 
as fast as it is disappearing 

It seems that the stretching of vortex filaments must be regarded as the 
principal mechanical c auso ot the high late ot dissipation whic h is associated 
with turbulent motion 
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Galvano-magnetic Effects in Bibinuth Alloys 

By N Thompson, H H Wills Physical Laboratory, University 
of Bristol 

{< Communicated by A M Tyndall, F JR S — Received 3 July 1951) 

\ — Introduction 

There are few phenomena of comparable importance to which so much 
attention has been devoted as to galvano magnetic effects m bismuth, and 
few also where the results are so ibscordant A bibliography of the earber 
work can bo found m Campbell’s book on the subject (1923), but m the light 
of present knowledge most of it is seen to be of little value, since the experi- 
ments were performed with polycrystalline material — and bismuth is above 
all things anisotropic Refeienies are given at the end of this article to those 
jiapers which deal with smgle irystals, but even these are not much use, 
since the metal used was, by modem standards, anything but pure, and the 
iinjiurities not known Exceptions to this are the more recent pajiers by 
Kapit/a (1928), Schubnikov and de Haas (1930), and de Haas, Gemtsen and 
(’ajiel (1936), but each one of these covers only a limited range either of 
temjieratureorof magnetic held 

In short, it IS seen that no complete set of data exists for pure bismuth 
over an extended range of fields and temperatures, and that the effects of 
impurities present in the bismuth are only known in a vaguely qualitative 
w ay , for exam pie, the various workers give values for the magneto,^,f(K;at8nce 
coefficient of bismuth which, for the same values of held strength and 
temperature, differ by as much as a factor of twenty times^ 

Some lecent measurements by the author (1936) on the resistivity of 
impure bismuth suggested that the presence of small quantities of tetra- 
valent or hexavalent impunty might be sufficient to account for these 
divergeiuies The question has been considered theoretically by Jones 
(1936), and it was mamly with the object of checking the findings of this 
theory that the present systematic investigation of the effects of traces of 
lead and selenium on the magneto-resistance effect and the Hall effect in 
bismuth was begun 


2 — Experimental 

The specimens w ere prepared in much the same manner as descnbed in 
the previous pajier (Thompson 1936), the base metal used being again Hiiger 
[ 24 ] 
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bismuth (No 10,283) with a quoted impurity content of Ag 0-001% 
Pb 0-0004 % The device for casting the alloys into a suitable shajie was 
modified shghtly to enable the process to be carried out in vacuo The castings 
measured about 20 x 4 x 0-8 mm and were grown into single crystals of 
predetermined orientation as before The surface tension of the molten 
metal was sufficient to spoil the laminar shajie of the specimen necessary foi 
Hall effect measurements unless steps were taken to prevent it doing so 
This could be done by resting it in a shallow steatite mould, shglitly larger 
than itself, on the top of which another thin slip of steatite formed a lid 
This served to keep the two faces parallel, without being a sufficient con- 
straint to prevent the growth of a single crystal Next, for a distance of 
about 2 mm at either end, the crystal was coated electrolytically with 
oopjier, and on to this the two current leads were soldered For potential 
leads, 44s w g copper wires were again used Two such, apphed on the 
centre hne of one of the faces, a fc^w millimetres from the copper plating, 
ser\ ed to measure the resistance, while two more, opposite one another about 
the centre of the long edges, gave the Hall e m f The crystal w as supported 
vertically by the current loads inside a Dewar vessel between the poles of 
a powerful electromagnet It could be rotated about a vertical axis, and 
the amount of the rotation read on a scale at the top The magnetic field 
was found to bo homogeneous to 0-1 % over a legion considerably larger 
than that occupied by the specimen Fields up to 22,000 oersteds were 
obtainable 


3 — Examination o* possible lrkors 

In making observations of this kind, care must be taken to ensure that 
the temperature is uniform over the specimen (to avoid parasitic thormo- 
e m f ’s), and that it is strictly constant during one set of observations The 
specimen must be mounted so that it c annot move under the action of the 
magnetic forces, and the cuirent through it must not be so big as to heat 
it above the temjierature of its suirounduigs Then, in addition to the 
ordinary errors which may be present in measuring the potentials, field 
strengths, temperatures, and specimen thicknesses observed, we must 
consider the following possibihties 

a — Small temperature gradients may still persist along the specimen, and 
errors due to this cause can be ehminated by reversing the current through 
the specimen and taking the mean of the two readings 

h — The reversible (Thomson) heating at the points where the current 
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enters and leaves the 8|>ecinien may alter the temperature at the pomts of 
contact of the j>otential leads, and so give rise to a ditferential thermo- 
c m 1 This will not be eliminated by reversing the current, but can be 
detected as an apparent change in resistance on suddenly doing so, followed 
by a drift bac k to the original value An effect corresponding to this descrip- 
tion was occasionally observed if the potential leads were placed too near to 
the ends of the sjiecimen 

f — Galvano-magnetic temperature differences may be set up both along 
and across the sjiecimen (o g the Ettinghausen effect), and these acting on 
the copper potential leads as chfferential thermocouples will give rise to 
parasitic e m f ’s These e m f ’s were expected to be small, and were shown 
to be negligible by the fact that when the copper potential leads were on one 
occasion replaced by constantan, the results were unaffected 
d — Teraiieiature inequalities in the specimen, however caused, will give 
rise direct to thermo-magnetic e m f ’s (e g Nernst effect) Since both the 
temperature gradients likely to exist, and the parameters in the appropnate 
equations are small, this possibihtv can bo safely ignored 

e — In zero held, the Hall electrodes may not lie exactly on an equipoten- 
tial lino, and the resistance electrodes not on a line of current flow Conse- 
quently, when the held is switched on, theie will be a component of the 
Hall e m f appearing at the resistance electiodes and vice versa This error 
IS far more important than those previously mentioned, since it is only in 
exceptional cases that it is absent, and may be ciuite large Fortunately it 
can be eliminated merely by reversing the magnetic field (and interchanging 
the leads from the Hall elec trodes) and taking the mean This procedure was 
invariably followed in piactice, and one important consequence must bo 
noted It follows immediately that the Hall e in f as so measured must be 
an odd function of the magnetic field, and the magneto-resistance effect an 
even function If the real effects are not so expressible (which apjiears 
unlikely, at least to a good first approximation) then only those components 
which are so expressible have been measured 
/ — It 18 well known that all galvano-magnetic phenomena in bismuth 
show a considerable variation with the relative orientation of the three 
vectors I (current), H (magnetic field) and oz (prmcipal axis of the crystal) 
In all the measurements here described I and H are at right angles (“trans 
verse” effects) and oz is either parallel to one or the other of them, or else 
)>erj)endicular to both These are the cases considered theoretically by 
Jones (1936), and, as IStierstadt (1933) has shown, represent in general (but 
see (g)) either a maximum or a minimum position This leads us to the next 
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source of error, namely, that the crystal axis may not be correctly onentated 
This may happen either (1) because the crystal is not correctly grown, i e 
the angle between / and oz is wrong, or (2) because it is inaccurately placed 
in the field, i e the angle between H and oz is wrong The former point was 
tested by observing the cleavage plane perpendicular to oz and could be 
relied upon to one or two degrees The latter was done by adjusting the 
specimen to be vertical rotating the mounting about a vertical axis, and 
setting on a maximum (or minimum where appropriate) position for the 
magneto-resistance effoc t, usually at 90“ abs and 14,000 oersteds This again 
could be done to one or tw'o degrees Any serious erior in crystal orientation, 
caused say by twinning would have made itself very obvious by the shape 
of the curve showing the variation of Apjp during this rotation, where p 
IS the resistance in zero field at temperature T^abs and Ap the change ot 
resistance caused by switching on the magnetic field The error caused by a 
small misorientation of the axis (0) is not easily calculable, under all condi- 
tions, hut it IS unlikely that the variation will be as ranid as cosO, and even 
this means only a 1 % error for a misorientation as improbably large as 8° 

q — The expenments of Stierstadt (1933) aiul ot (.Inineisen and Gielessen 
(1936) have shown that, for a given orientation of the pnncipal axis, con- 
siderable variations can bo produced by a rotation around that axis, that is, 
the oncntation of the binary axes is of importance As > ot no theory ex jilains 
or even takes cognisance of this fact so that the best that could be clone was 
to ensure that all the measurements made were consistent among themselves 
in this respect Consider first a rectangulai plate of bismuth in the form of a 
single crystal with its pnncipal axis (oz) normal to its surface and let it 
carry a current along its length which is to be kept always perpenchcular to 
the magnetic field Then its resistance depends on the angle lietween H and 
oz{= <j> say) The variation is symmetrical about a maximum (or minimum) 
value at §5 = 0 if and only if, one of the binary axes (oy) lies jiarallel to the 
current flow By careful manipulation, and the growing of one seed crystal 
from another, it was possible to jirodiice the specimens with a binary axis 
not more than one or two degrees fiom the position just described The 
“rotation curves” of Apjp vs 56 obtained with these were never far from 
jierfect symmetry, and were in fact used as the method of orientating the 
specimen in the magnetic field The jwsition = 0 is referred to m Jones’ 
pajier as case “d” Similar considerations of symmetry for crystals whoso 
principal axis lay along their length (Jones’ case “r ”) led to a choice of the 
jKisition in which a binary axis was normal to the plane of the lamina, and 
all the measurements w ere made on crystals so orientated Thus w hen set up 



28 


N Thompson 


for observations on the Hall effect, in the first case we have oz parallel to H 
and oy parallel to I in the second, oz parallel to / and oy parallel to H, the 
Hall e in f being in both instances observed in a direction normal to the 
plane containing H, /, oz and oy A rotation of 90° about a vertical axis 
from case “d” gives case “e” {oz perpendicular to both H and I, oy parallel 
to /) Only resistance measurements were made in this position 

h — Lastly, shght errors in the orientation of the specimen in the field, or 
in the location of the potential leads on the siiocimen, may lead to a com 
ponent of some “longitudinal ’ effect being measured along with the 
“transverse’ effects with whuh we are concerned Since the former are 
usually of a lesser order of magnitude than the latter, and since, o prion, only 
a small resolved part could be present as an error, the errors mtroduced by 
this factor will only be small 

In spite of this rather forbidding and still incomplete array of errors, it is 
likely that they do not add up to more than about 6 % m any one measure 
ment For very small fields, when the relevant e m f ’s (or changes in 
e m f in the case of the magneto-resistance effect) are lOpV or less, the 
causes a and b make the accuracy less, and extrapolations to zero field 
where these are done, are consequently less reliable still And, as previously, 
one of the biggest uncertainties lies in the fixing of the exact amount of 
impurity present in the bismuth The above list will at least serve to show 
why, at this stage, no attempt has been made at precision measurements 


4— Results on maonkto-resistance effect 

In the past, exjierimental results on the magneto resistance effect have 
been displayed by the drawing of a graph showing the relative change of 
resistance as a function of the magnetic field When this is done, it appears 
that the curve is at first parabola , and for higher fields linear However, in 
the paper by Jones referred to above, an expression is deduceil for d/>/p as 
a function of H which, while having the above form at the outset, gives 
curves which eventually become concave to the axis of H, and Jones shows 
that Kapitza’s results for very high fields do fit an equation of this form 
Jones’ equation, reproduced here for convemence of reference, is 


p ~l+z^H^ 


( 1 ) 


Here, z is the atomic percent of impurity present in the bismuth, and is to 
lie considered positive or negative according as the impurity is 4- or 6-valent 
B and C are constants independent of H but involving z as a second-order 
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effect, they vary rapidly with temperature, becoming larger as the tempera- 
ture falls As can easily be seen, when 1(1) gives a parabola, while 

for 1 it has an asymptote parallel to the axis of H The concavity 

shown by Kapitza’s curves at high fields is the beginning of the approach to 
this asymptote It thus appears that the important quantity is not merely 
H itself, but the combination z^CH^, and that Kapitza’s results in high 
fields should be reproducible in lower fields, either by increasing z, the 
impurity content, or by increasing V, i e by lowering the temiieratiire The 
first result of this investigation is to show that qualitatively this is correct, 
as can be seen by comiianng our curves with those of Kapitza Fig 1 shows 



Fio 1 — Variation of rfisistance with magnetic field for impure bwmuth The ordinates 
of the broken curves are to be multiplied by the factors stated To a\ oid confusion, 
the expenmental points are marked on only one of the graphs Ternperatim s in ° abs 
Impurity content in atomic percent 
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a selection of all the curves obtained, chosen to give a general idea of the 
run of the phenomena * 

To obtain a more careful comparison between theory and experiment, it 
18 convenient to rewrite equation (1) in the form 



Flo 2— Bi + 0 0004 % Pb at 20-290“ aba 


Writing y for H^pjAp, and x for //*, we see that we should, according to the 
theory, obtain a straight-line graph Some representative curves actually 
obtained are shown in fig 2 In all, some 1 50 such curves have been obtamed, 

* In examining this and the other figures in this paper, close attention should be 
paid to the vertical scales, as these often vary considerably as between one group and 
the next 
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at temperatures from 14 to 350° abs , but mainly at 65, 90, 125, 168, 230 and 
290° abs , and for a range of aUoys of bismuth with small amounts of lead and 
selemum It is obviously impracticable to reproduce all the results here, but 
it can be said that they all support the followmg general conclusions 

1 — For 2 very small, the experimental points he on a straight line when 
both H and C are large (high fields and low temperatures) 

2 — As the impurity content is increased this ceases to bo true for the 
fields and temperatures obtainable, while the indications are that it still 
holds for higher fields 

3 — ^The deviations from the straight line which are always present at low 
fields are always of the form shown, i e fPpjAp lies below the straight line 
determined by the high-held values 

4 — The shape of the curves is the same whether load or selenium is the 
impunty present, i e the phenomena depend on 2 ® rather than on 2 

5 —The above conclusions are true for all the crystal orientations dealt 
with 

Thus on this second and closer examination it is seen that Jones’s theory 
18 true only for certain limiting cases Moreover, since the deviations from 
it occur for z largo, H small and C small (T large), 1 e depend not on the 
combination z'^CIP which we have previously met, but rather on CH'^jz^ 
some explanation of them must be sought other than merely refining the 
existing theory 

At this point it might jierhaps be opportune to add a note on fig 2, 
90° abs curve This shows that the quantity y is still \ arying rapidly m the 
region of small x As previously mentioned, the experimental accuracy is 
much reduced in this region, and so the extrapolation to zero field was not 
very trustworthy, and indeed it was not certain that it was justified at all 
To settle this point a second crystal also of pure bismuth was grown this 
time m the form of a rod about 1mm section and 10 cm long This was 
useless for Hall effect observations, but enabled the resistance changes in 
low fields to be measured with much greater accuracy The electromagnet 
was not suited to the production and measurement of small fields, and 
accordingly a Helmholtz double coil was built capable of givmg fields up to 
230 oersteds homogeneous to 0-1% over a volume 10 cm diameter and 
5 cm thick Usmg this arrangement, the variation of resistance with field 
was investigated at 90° abs for a crystal whose principal axis was parallel to 
its length After the measurements had been made, the specimen was care- 
fully transferred to the electromagnet, and observations taken in higher 



32 


N Thompson 

fields The two sets of results are shown together m fig 3 It is apparent that 
there is no anomalous behaviour in very low fields, and that the extra- 
f)olation to rero field can be safely performed With other crystals contaimng 
more impurity, and consequently showmg a smaller magneto-resistance 
effect, the measurements become unreliable at higher values of the field than 
with this one, and the extrapolation is accordingly longer Since, however, 
the vaiiation with //* is correspondingly less rapid, the extrajiolated value 
IS about equally reliable 



Fio 3 — Magneto resistance effect in a long crystal of Bi + 0 0004 % Pb The horizontal 
scale of HUCCesBivi curves is enlargini by the factors shown Ihe crosses denote points 
obtained usmg the Helmholtz coil to produce thq small fields 


— Disci'ssion op magneto-resistance effect 

As an explanation of the observations recorded above, it is suggested that 
we must take account of the fact that we have a non-uniiorm distribution 
of the impunty atoms throughout the bismuth Many of the alloys used 
contained less than Ol atomic % of impunty, and often considerably less, 
even if this amount were distnbuted through the sample with perfect 
regulanty, each impurity atom would be 10 atomic distances away from the 
next Since there are certain to be fluctuations in the density of foreign 
atoms — at least statistical, if no worse — it is obviously only a first approxi- 
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mation to treat such a medium as homogeneous Considering the problem 
from a classical viewpoint, the first effect of this mhomogeneity m the crystal 
will be to produce a non-umform distribution of the current flowing through 
it If now the crystal is placed m a magnetic held, the extent of the departure 
from umformity will grow rapidly greater as the field strength is increased 
This we know since the averaged affect of the impunties on the resistance 
over the whole specimen increases rapidly with the field Thus as the field 
18 increased, not only does the resistivity of the specimen alter, but the 
c urrent distribution in it changes also 

The point will perhaps be made cleai cr by consideiing a very simple model 
Suppose we have two strips of bismuth one pure and the other impure, 
lying side by side, and weallow them to cairy the total current “in parallel” 
We will suppose that each obeys the law expressed by equation ( 1 ) but with 
different values of the (onstants (the pure strip having z = 0), and we will 
proceed to calculate the resistance of the compound strip as a function of H 
Let and be the cross-sectional areas of the pure and impure stnps 
respectively, and let the cjuantities B, C and z be suffixed 1 and 2 to corre- 
spond Then it is merely a matter of simple algebra to show that the magneto- 
resistance effect for the compound stiip, written in a form to compare with 
equation (2) is given by 

l + { B^+C\ zl + oi{By - Iit)}H ^ + aBy C\ z\ II* 

Ap {Bi -f a( - if, )} -I- {7?i + B^C^z\( 1 - a)} m ’ 

where a is written for the ()uaiitity + -^ 2 ) 

The expressions for B and C 2 ® as given in the paper by Jones, show that 
the latter is always considerably smaller than the former — a fact which is 
borne out by the experimental values shown in Table I Accordingly we can 
neglect terms m Cz^ with respect to those in B, and thus obtain 

+ {^2 + «( B^-BA\H^ + o^C'a zllB 
Ap~ {B, + oL(B^~B^)} + B^B^m 

Writing y for H^pjAp and x for as befoio, this is seen to be of the form 
_ l+P x +Qx^ 

R-vBx ’ 

and such an equation can always be fitted fairly well to the expenmental 
points Fig 4 shows some examples of the kind ol agreement obtained by 
fitting such a curve at the four points x{ — H*) — 0, 6 x 10®, 6 x 6 x 10® 
oersteds* The agreement is good, but not perfect, as is shown by the fact 
that rather different values are obtamed for the quantities P, Q, JR, S if the 
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equation is made to fit at four other points Considering the crudity of the 
model used, however, the success is quite surprising * 

Using the values of P, Q, It, S obtained in this way, wo can solve for 
a and Cjzj This has been done for a senes of crystals covering a range 
of different impunty contents The current was flowmg parallel to the 
pnncipal axis (case “c”), and the data all refer to a temperature of 90° abs 
The results are shown in Table 1 It is interesting to note that while B^ 


bp no 

imp 

Table I 

B,xl0* B,xl0« 

a 

X 10“ 

316 

0 0004 Pb 

2 73 

0 36 

0 106 

0 12 

319 

0 01 

2 66 

0 31 

0 276 

0 71 

321 

0 104 

491 

0 046 

0 39 

3 84 

326 

0 21 

4 89 

0 02 

0 69 

2 76 

323 

0 61 

2 6 

0 039 

0 08 

4 71 

303 

1 0 

0 63 

0 008 

0 86 

1 26 

341 

0 0003 Sot 

3 04 

0 42 

0 347 

0 0144 

338 

0 0008 

2 59 

0 37 

0 391 

0 0426 

336 

0 002 

6 10 

0 36 

0 627 

0 099 

334 

0 01 

1 84 

0 10 

0 568 

0 376 

360 

0 104 

0 626 

0 0047 

0 870 

0 360 


t Ihise, and all other selenium ooutenta, are U> be eonaidered aa added to the 
0 0004 °o of Itiwl piesent in tho bismuth as sujiphod by the makers 

remains approximately constant until a < onsiderable amount of impurity is 
present, B^ shows a steady decrease, and a and a steady increase as the 
amount of impurity is increased This is just w hat would have been expected, 
but it does not seem justifiable to pursue the matter into more detail It is 
not, of course, suggested that the model used for the calculations gives any 
accurate picture of the real state of affairs in these very dilute solutions, or 
even that anything actually takes jdace which could be called a segregation 
of the impurity, as distinct from a mere random distribution of a very small 
proportion of foreign atoms For instance, one crystal was annealed for 
3 days at a temperature only one or two degrees below its melting-point, 
and the results after annealing differed only slightly from those liefore 

Bi B, a C\4 

Before 2 65xl()-* 0 31x10-' 0 276 0 71 x 10 “ 

After 2*82 x 10-» 0 38 x 10 • 0 34 0 47 x 10-“ 

* It can further bo shown that if instead of two, wo take n strips m }> iraUel, each 
with a different impurity content, wo obtain an expression of tho form 
_ 1 + aia!-t-a^*+ +«n-i-" 

^ + 6 «:, 

giving 2n arbitiary constants, and enabling a curve to bo httod at 2n points 
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The annealing was earned out in vacuo, and the change in C^\, the only 
Hignificant alteration, is explicable as due to the loss of some of the lead by 
volatihzation Table II shows the vanation of the four quantities, referred 
to one specimen as the temperature is vaned The steady increase in a as 
the temiierature is raised is rather puzzhng, since it might have been 
expected that it would remain constant while the rest varied It might be 
interjireted as meamng that the disturbanc'e caused by the presence of an 
impurity atom extends to greater distances through the lattice at higher 
temperatures 

Table II— Specimen 319 0 01% Pn / parallel to oz 

BiXlO* «,xlO* a. C^lx \IV 

Ott 3 72 0 32 0 08 3 33 

90 2 65 0 31 0 276 0 71 

168 0 66 0 04 0 65 0 078 

230 0 26 0 016 0 83 0 20 

292 0 090 0 006 0 90 0 18 


6- Hall effect 

Turmng now to the Hall effect we first of all present m figs 5a and h, two 
groups of curves summanzing the results obtained for the Hall coefficient 
Ji, defined by 

a 

where H = magnetic field, I = current, E - observed e m f , d = thickness 
of specimen, all in absolute emu Two different orientations of the crystal 
were considered 

1 — I parallel to oz, H parallel to oy, E {lerpendicular to both I and H 

2— 7 parallel to oy, H parallel to oz, E perpendicular to both I and H 

We see at once, m view of what has been written above, that it is very 
difficult to draw any unambiguous conclusions from these experimental 
data The calculation of the Hall coefficient of a non-homogeneous medium, 
even on the simplest possible model, presents difficulties which render it not 
worth while in the present context One point, however, which emerged 
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before these difficulties were reahzed, seems worth recording Jones’ 
theory leads to the following expression for the Hall coefficient 



I'm 6a 

Fig 6 — -Hall coefficient of impure bismuth o, , ' /?|| 


where Q is the atomic volume, ,4 is a constant, and the other symliols have 
the same meanmgs as heretofore Th’s equation alone is too complex for 
any ready comparison with experiment to be made, but by combining it 
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with the magneto-resiitance equation (1) we easily obtain the following 


form 


Ap B 


(5) 



Fio bb 

Showing that the exjienmental quantity RH^plAp should be a linear function 
of It was in fact found that, with the same hmitations as set forth on 
p 31 a very good straight line was obtained, as is shown by fig 6 It can 
hardly be fortuitous that just the particular and rather peculiar combination 
of observables predicted by the theory should give such an excellent fit, 
and that, moreover, under just those conditions that give the best agreement 
in the case of the magneto-resistance results 

For brevity, let us refer to these conditions, expressible analytically by 
1, as “saturation” Returning for the moment to equation (3), we 
see that the slojie of the curve of y vs a: at saturation is ocC^ljB^ whereas the 
ongmal equation (2) gives a slope of Cz*IB The change corresponds to the 
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fact that at saturation all the ouirent is flowing through that part of the 
compound strip to which we have given the suiflx 2 If we attempt to calcu- 
late the Hall coefficient of such a compound strip at saturation, it is clear 
that the result depends not only on the relative size of the two parts, as does 
the magneto-resistance coefficient, but also on their shape If, for example, 
the two strips he side by side in the plane normal to H, then at saturation. 



Flo 6 — Hall and magneto roaistanc© effects Experimental curves showing HH*pl/ip 
plotted against //> Bi 4- 0 0004 % Pb , 20-290“ ubs 

when all the current is flowing through one of them, the Hall e m f across it 
IS independent of its size If, on the other hand, the two strips ho one above 
the other when viewed in the direction of H, the Hall e ni f across one at 
saturation (the other being treated as an insulator) is inversely proportional 
to its thickness in fact is proportional to 1/a Thus in actuality, takmg some 
intermediate case, we may expect to find that the Hall e m f ’s at saturation 
are all too big, corresponding to the fact that the thickness of metal actually 
carrying the current is less than the thickness as measured with a screw 
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gauge The ratio is not easilj calculable, but might be expected to be of the 
order of the quantity a 

Now w e see that at saturation, (4) degenerates into 



the Hall coefficient being independent of both field and temperature This, 
being true for all values of the impurity content, w^iU also be true for the 



Table III 


R 


z (actual) 

Ratio 

T 20 

0 0425 

1 0 

0 042 

8 10 

0 0272 

0 52 

0 052 

HO 

0 0170 

0 21 

0 081 

21 0 

0 0105 

0 104 

0 10 

800 

0 000275 

0 0004 I’b 

0 67 

-90 

-0 00245 

- 0 01 So 

0 25 

- 11 

- 0 0200 

A'l, 

-0 104 

0 10 

6 20 

0 0350 

0 52 

0 069 

025 

0 000J6 

0 0001 Pb 

0 88 

-78 0 

- 0 00284 

0 01 Sc 

0 28 

— 5 (approx ) 

-0 044 

0 104 

0 42 


compound strip, provided we introduce tlio constant factor ssa mentioned 
above That this conclusion ls supported by the exjjenments, is shown very 
clearly by fags 5a and h For the purest bismuth (z small) even at hydrogen 
temperatures (C large) it was impossible to produce sufficiently high fields 
to reach saturation although, as will be seen, we are approaching that 
condition For the more impure crystals, saturation could be obtained at 
temperatures as high as 1 68° abs The values of the constant Hall c oefficients 
so obtained, give us, according to equation (6), an estimate of z Table III 
shows the values of z calculated so, compared with the known impurity 
contents The ratio of the two is the above-mentioned factor !^a, as will be 
seen, it is of the nght order of magnitude, albeit again showmg inexphcable 
systematic vanations 


7 — ^Ths: oalvano-maonetic constants of pure bismuth 

It was hoped when this mvestigation was commenced that, by proceeding 
to the hmit as the amount of impunty was progressively decreased, an 
estimate could be made of the galvano-magnetic constants of really pure 
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bismuth The considerations put forward in the preceding sections have 
made this more diffu ult than was anticipated, and the results have not been 
as satisfactory as those already presented Even with the piuest sample 
available, the magneto-resistance coefficient still showed considerable 
vanation with field in the region of small H, whereas the theory indicates 



Fio 7 — Hull ropfhoK'iit ( xtrupolat*)!! to zero ficUl. plotted against atomic iJorcent 
of lead or selenium Note that the horizontal scale chungi s by a factor of ten in 
passing through the origin 

that for pure bismuth it should be a constant for all fields Referring to 
equation (3) we observe that by extrapolating the curvt to zero field we 
obtain a value for the quantity + B^)} As z tends to zero, B^ 

approaches and a approaches zero so that this quantity should vary only 
very slowly in the region of z = 0, and should be approximately equal to 
1/iSi Moreover, it seems probable that this is a conclusion which is inde 
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pendent of the details of the “inhomogeneity ” theory presented above 
This method of estimating has the additional advantage that effects due 
to differing orientations of the bmary axes tend to vanish at sufficiently low 
values of the field It is unfortunate that it involves an extrapolation where 
the experimental points are least accurate, as this seriously impairs the ac- 
curacy of the results However, fig 7 shows the values of for zero field 
( = Bq) obtained in this manner and corrected for the small variations m 
temperature of the original observations, plotted against the impurity 
content, for case “c” The variations, although large, are random, and not 
inconsistent with the errors of the extrapolation The results for cases “d” 
and “e” are essentially similar 

It IS interesting to compare with these fig 8 which shows the magneto- 



Fio 8 o o Hall ooefhcient (above) and magneto resistance coefficient (below) 

at r = 70° aba , H = 6000 oersteds, plotted against impnnty content x x The 

same data, but with the horizontal scale enlarged 100 times 
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resistance coefficient for the arbitrary values T = 76°ab8 ,H = 6000 oersteds, 
also plotted against the percentage impurity The rate of variation with z 
18 seen to be qmte a different order of magnitude The point shown for the 
value z = 0 18 of particular interest, as it is taken from some recent results of 
de Haas, Gemtsen and Capel (1936) on bismuth which they had carefully 
purified by rejieated recrystalhzations The point is in excellent agreement 
with our own results, and it would be interesting to know how this specimen 
behaved in very small fields The figure shows very clearly the enormous 
changes which are produced at high fields and low teinjieratures by minute 
quantities of impurity This result is of some imjiortance, in view of the 
common practice of using the magneto-resistance effect to measure magnetic 
fields It suggests that to obtain the greatest sensitivity it would be worth 
w bile using the purest bismuth 

Fig 8 also bungs out very well yet another point The up[)er part of the 
diagram shows the values of the Hall coefficient for the same temperature 
and field strength, as that to which the magneto resistance data refer 
Comparing the two curves with the extended scale of z it is very clear how 
in the neighbourhood of z = (► the magneto-resistance effect depends on z* 
while the Hall effect is determined by z — in agreement with the prediction 
of Jones’ theory 

From fig 7 and corresponding diagrams for “d” and “e” we estimate the 
following as probable values for B for pure bismuth for the three different 
onentations 

TABLb TV 

T° abs n, X 10* X 10* X 10* 

20 6000 2600 1 600 

05 420 120 660 

90 210 60 260 

126 66 16 70 

168 26 4 6 28 

280 6 1 1 5 6 

290 2 0 28 1 4 

We next refer to equations (19)-(21) of Jones’ paper, giving theoretical 
expressions for the same quantities These can be written in the form 
= a:j_(l - Jii) (c/enH)=,l 
= (rlen„rA (7) 

(BJo-nO- 1 ) = a;|,(l - jti,) {cjeVgY, j 

where ng is the number of free electrons/c c , cr,| and cr j_ the conductivities 
respectively parallel and perpendicular to the axis, and Xn, xj_ the fraction 
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of these conductivities due to the electrons alone, the remainder being due 
to “positive holes” The left-hand side comprises only quantities that are 
directly measurable, and thus graphs can be drawn showing the variation of 
the right-hand side with temperature (fig 9) The three curves are seen to 



Fio 9 — (Sie tnxt ) Note that curve “e” involving J'||(l — ■C||) shows a much sharper 
fall below its maximum than ‘i ” and d ' which both depend on 

be all of the same shape, and since is a constant it is natural to associate 
the maximum with the maicimum of the function x{ 1 — a;), as x passes through 
the value 05 With this assumption we can calculate from the heights of the 
maxima the value of n^, and hence the number of free electrons jier atom 
The results for are 

Case “c”, = 58 x 10^’ electrons/c c 

Case “d ’ 112xl0»^ 

Case “e” 50x10” „ 
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giving a mean of 7 3 x 10^’, and taking the atomic volume as 3 53 x 10~*® c c / 
atom, this gives the result of 2 6 x 10'® free electrons jier atom No explana- 
tion 18 yet forthcoming oi why the three different orientations lead to tliree 
consistently different values of but it should be noted that they differ 
only by a factor of about 2, being all of the order of 10 ® electrons {ler atom 
While it has been suspected for some tune that this quantity would be very 
small for bismuth, no direit d« termination has hitherto been available 
The result is ((insistent with pievious estimates, however, and seems to 
establish beyond all doubt that the exceptional galvano magnetic projierties 
of bismuth are due to its having so small a number of effective conduction 
electrons From the shape of the curves of fag 9 we could now easily 
calculate how and x , vary with the temiierature, except that there would 
be an ambiguity as to w hether we have really calculated r or ( 1 - a;) It was 
hoped that the Hall effect data would decide tins point, and, proceeding by 
analogy with the magneto resistance effeit, we take the values of R extra- 
polated to zero field ns giving the best approximation to the values for puie 
hismutli The resulting figures for Ri are shown plotted against impurity 
content in fag 10, and here it is not difficult to estimate what the value for 
pure bismuth would be For Kn the results aie rather surprising, in that for 
the purer specinietis the Hall coefficient in small fields was too small to be 
measured (com^tare figs 5a and b) The rather sketchy results available are 
shown in Table V 

Tablk V 


% 

0 52 Pb 
0 21 
0 104 
0 01 
0 0004 


65° abs 90 shs 
8 6 6 

— 7 5 

M?) 

<0 0 
<0 < 0 (’) 


126° abs 168° aba 
66(t) 48 

2(t) 4 

^0 >0 


230° aba 290° abs 
3 4 18 

0 7 

— 1 

!^2 1 

>0 >0 


0 0003 - 11 - 7 

0 0008 — - 3 

0 002 — - 2 

0 01 -8 6 -7 

0 104 bo — -0 5 


- 2 5 - 1 5 

-0 6 1 

- 1 5 — 


-^0 
0 5 


This result is behoved to be new, as nobody has previously made any 
measurements in low fields The interpolated values of both /?|| and for 
pure bismuth are given in Table VI 

The relevant equations from Jones’ paper giving theoretical expressions 
for Rii and R± in terms of v j:i_ and are 

ii,i = (2 j;j^-1) (clmjf), \ 


(8) 
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and since w e must have 0 < a: < I , we find that the greatest possible value of 
tngjc IS 0 027, corresponding to 0 0 x 10~® electrons per atom This is of the 
same order of magmtude as the value deduced from the magneto-resistance 
data, but it leads to the conclusion that = 0-5 for all temperatures, 



t K) 10 — Hall (ooftioient oxtrapolatcd to zero field plotted against impurity 
coiitf tit The horizontal scalt again changes by a factor of ton at the origin 

Table VI 


T" abs 

20 180 (approx ) — 

ttl 103 -6 

90 80 - 3 

12'i 17 -2 

168 38 -1 

230 22 i=«0 

290 16 0 
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while X falls continuously from 1 0 at 20° abs to 0-55 at 290° abs Thus it is seen 
that while there is general agreement as to the order of magnitude of Ug, 
the two groups of data are not consistent as to the temi)erature variation 
of the x’s Nevertheless there has been a sufficiently staking agreement 
between theory and the experimental results presented in the earlier part of 
this account to indicate that the final solution must be sought on the lines 
here laid down 

It IS a pleasure to acknowledge my indebtedness to the Department of 
Scientific and Industrial Research for a personal grant during the tenure 
of which this work was done, to Dr H Jones for many helpful disc ussions on 
the theoretical aspects of the subject, and to Professor A M Tyndall foi his 
continued interest m the progress of the work 


REFtRtKCl-S 

Booquorol, J IQ12 C li 4cnil Sci Pans IS4, 1706-98 
Borelius G and fiindh, A E IQ17 4nn Phys , I^z , iv, S3, 97-]37 
Campbell, L E 1933 ' Gslvanoinagiietic and Thennomagnetic Effects ’ London 

Longmans Green and Co 

van Evi rdingen, E 1897 Cotnmun Phyi Lab Leiden, 37, 

Gmnoiscn, E and Oielessen, J 1936 inn Phya , Lpz , \ 36,440-04 

— — 1937 'Jnn Phye Lp* , 28, 32V 30 

deHnas W J , Gerntsen, A N and Capol, W II 1936 Physiea,'a Grav ,3, \ \43 58 

Heaps, C W 1927 Phye Hev 30,01-6 

Jones, H 1936 Proc Roy Sot A 155, 663 63 

Kapitza, P 1928 Proc Roy Soc A, 119, 401-43 

l>ownds, L 1901 Ann Phya , Lpz iv, 6, 146-62 

— 1902 Ann Fhye , Lpz , iv 9 677-90 

Onnos, H K and Beckman, B 1912 Cominun Phya Lab Leiden, 129, 132 
hchiibmkov, L and do Haas, W J 1930 Cotnmun Phya Lab Leiden 207 
btiorstttdt, O 1933a Z Phya 80 636-66 

— 19336 Z Phya 85, 310-31 

— 1933 6 Z Phya 85,697 707 

— 1934 Z Phya 87, 687-99 

Thompson, N 1936 Proc Roy Soc A 155, 111 23 



Hyperfine Structure and Nuclear Moments 
of Aluminium 

By D A Jackson and H Kuhn 
Clarendon Laboratory, Oxford 

(Communicated by F A Ltrulemann, F R 8 — Received 28 July 1937) 
[Plato 1] 

Introduction 

The structure of the resonance Imes of the arc spectrum of aluminium 
was investigated b> the method of absorption in an atomic beam, and the 
structure of certain other hnes of aluminium, emitted by a hquid-air-cooled 
hollow cathode tube, was also investigated The nuclear spin of alumimum 
was thus shown to be | and the magnetic moment about 4 0 nuclear mag- 
netons A note (Jackson and Kuhn 1937a) contammg these results was 
published elsewhere 

The light source and the spectroscope 
The arc spectrum of alumimum possesses two groups of resonance lines, 
3 *P, |-4.St (3962 A, 3944 A) 

and 3 *P, ^-3 *D, , (3092 7 A, 3092 8 A, 3082 A) 

The source of these hnes was a fused silica discharge tube, excited by external 
electrodes connected to a J kW high-freciuency oscillator, the ends of the 
discharge tube were 8 cm long and 6 cm in diameter, and the capillary 
was 6 cm long and 6 mm in internal diameter The tube was filled with 
neon at 3 mm pressure, and the capillary was fitted with a side tube of 
6 mm internal diameter and 10 cm length contaimng alumimum tn- 
bromide When this side tube was heated by being immersed in a Dewar 
vessel containing water at 45" C , the discharge tube on excitation emitted 
the aluminium resonance hnes very strongly, the neon Imes being greatly 
weakeneti With this hght source the alumimum lines could be photographed 
in 10 sec and they were entirely free from self-reversal In order to obtain 
these lines equally free from self-reversal m a hqmd-air-cooled hollow 
cathode tube an exposure thirty tunes longer was needed 
For the atomic beam experiment, the spectroscope (/ = 150 cm ) de- 
scribed m earher work was used, also the etalon was the same 
[ 48 ] 
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The production ok the atomic beam 
It was impossible to produce an atomic beam of alumimum by evaporating 
alumimum m a sibca tube in the manner used for silver, for two reasons 
first, Bibca is very rapidly attacked by aluminium, and secondly, it softens 
at a temperature below that at which alumimum has a sufficiently high 
vapour pressure However, on account of the very great intensity of the 
resonance lamp, an atomic beam was only needed for a short time, the length 
of exposure bemg 10-16 sec This was first achieved by evaporatmg 
alumimum from a hebx of tungsten wire of 1 mm diameter, the helix 
consisting of 7 turns of 1 cm diameter and 7 mm pitch, on each turn was 
closely wrapped 10 mm of 1 mm diameter alumimum wire It was possible 
to evaporate this m about 30 sec , and by placing a slit at a suitable distance 
above the helix an atomic beam was made It was also possible to observe 
the structure of the resonance hnes by this arrangement, but the supply of 
alumimum for the atomic beam was of very short duration and rather 
inadequate 



A far better source was found to be the evaporation of alumimum from 
a container made of tantalum of about 0 3 mm thickness The arrangement 
used 18 shown m fig 1 A sphere of 1 0 cm diameter of p 3 rrex glass was fitted 
with three side tubes One of these led to a high-speed mercury pump, 
through the second was mtroduced the tantalum contamer which was 
earned by the two copper rods Ri and and these rods were screwed 


voi CLxrv— > 
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internally into the two copper-glass seals and Oj, the joint between the 
side tube and the glass tube with the copper-glass seals was made tight with 
black wax The third side tube led to the absorption chamber A This was 
a honzontal glass tube (with its axis in the line of sight of the spectrograph) 
of 3 cm diameter and 8 cm length, and at each end a fused silica window was 
fixed on with sealing wax The evaporating aluminium reached this chamber 
through the slit S in a mckol jilate which entirely covered the ojienmg into 
the absorption ehamlrer This slit varied in width from 14 to 3 mm , accor- 
ding to the degree of colhmation required At the top of the absorjition 
chamber was fitted a tube 0 of 3 cm diameter and 20 cm length with a 
window at the ufijier end, and through this the tantalum container T could 
be observed, the aluminium deposit here being far less than on the walls 
of the sphere 

The tantalum container was about '» < m m length Its cross-section was 
V-shaped, each side being 5 mm and the opening at the top about 4 mm 
The distance from the tantalum container to the slit was about 7 cm 
The tantalum container and the slit were iiarallel to each other, and 
jicrfiendicular to the line of sight of the spectrograph The greatest slit width 
corresponded to a colhmation of 7 1 and the smallest about 20 1 The 
entire sjihere was immersed m water for cooling The tantalum container 
held lour pieces of alumimum wire 15 mm long and 2 mm in diameter 
With a ciiirent of about 80 amp these were evajiorated in about 90 sec 
the late of evaporation being fairly uniform 

The current required to produce the necessary rate of ev aporation was 
determined experimentally and was accurately repioducible, as the size 
of the tantalum container and the quantity of aluminium used were always 
repeated exactly It was found that by keeping the watts constant a nearly 
constant rate of cvayioration could be maintained This was ascertamod by 
taking three or four consecutive photographs of 10 sec exposure Two or 
three of these were found always to have nearly ecjual absorption A still 
better constancy of rate of evaporation was attained by gradually reducing 
the watts of the heating current throughout evaporation, and in this way 
it was possible to make four to six photographs of the absorption with 
one chaige of aluminium The appropriate variation of the current was 
determined exjierimentally The necessity of reduemg the current arose 
from the increased resistance of the tantalum container as the quantity of 
conducting aluminium decreased 

Though the tantalum containers were not much attacked by the alu- 
minium, a now container was used for each evaporation If a container was 
used twice, the conditions of evajioration were not reproducible 
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The degree ol vacuum obtained in the sphere dunng evaporation of the 
aluminium was extremely high The wmdow at the top of the observation 
tube was about 23 cm from the sht 8 The “shadows” of the edge of the 
slit could, nevertheless, \ ery clearly be seen on the window The {lerfection 
of the vacuum was undoubtedly due to the “gettenng” effect of the 
evaporating aluminium 


Tllh STRIKTOKF Ot THl- ITNF 3 A 1944 A 

This lino was found to possess throe components, the structure being 
observed with etalons of 2 and 3 t in plate separation and 1 12 collimation 
of the atomic beam * The plates made with an etalon of 3 cm separation 
were measured visually on a micrometer, and the mean result for the 
positions of the three (omponents was -0 047, 0 000 and +0 047 cm 
Those made with an etalon of 2 i m separation were measured both visually 
and also by measunng the positions of the minima on the photometei 
traces The results obtained by these methods were -0 048, 0 000 and 
0 048 cm “1, the piobable error being between ±0 001 and ± 0 002 cm 
The positions of the three (omponents are thus -0 048 0 000 and 
+ 0 048 cm and the probable erroi ± 0 001 cm 

The intensity ot the three (omponents apjiearcd very nearly etpial A 
photograph of the line with and without absorption, together with photo- 
meter traces, is shown in fig 2, Plate I 'I'he absorption lines, in one 
order are marked by arrows 

The intensity of the coin[)onents can be determined by jihotographing 
first the hght source only, and then the light source with absorption due to 
the atomic beam An intensity scale is put on the plate, and a photometer 
tiace of the plate is made The ratio of the absorption coefficients (the 
difference in the logaiithni of tlu intensity at the position of the absorption 
in the photograph with absorption and that without absorption) for the 
various components gives at once the true intensity ratio This has already 
been done with a very high degree of accuracy for silver (Jackson and 
Kuhn 1937 ^) The principal condition for accuracy is constancy ot the light 
source, and this conchtion was very jicrfectly fulfilled by the resonance lamp 
used Test plates made showed that provided the lamp was run tor 2 min 
to reach thermal equilibrium, photographs of 15 sec e\[)i>sure taken at 

* The collimation of the atomic beam is the ratio of half the sum of wxlth of slit 
and width of aluminium contaimr to the distnneo betwotn them, tuis is appioxi 
mately equal to the ratio of the velocity in the line of sight to the total velocity of 
the atoms 
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intervals of 5 mm were found to be of equal intensity to within 2 %, any 
error being due not to variation in hght but to uncertainties in length of 
exposure, which could amount to sec 

For the determination of the nuclear spin, the intensity ratio of the 
central component to the outer comixments (which are of equal mtensity) 
has to be measured It was, however, found impossible to get accurately 
consistent values The reason can easily be found in the entirely different 
conditions of the background for the outer and mner components The outer 
absorption lines fall on the edge of the emission hne, where the intensity 
curve is falling v ery steeply This leads to only a small error in the measuring 
of the distance of these lines (about 2 %), but to a very considerable error 
in the determination of the intensity of the background and therefore of the 
absorption coefficients, it makes the absorption due to the outer components 
apjiear too weak Moreover, a purely erratic error m determination of the 
position in the background corresponding to the absorption by the outer 
components causes the background to apjiear systematically weaker, for 
the reduction due to an error outwards is much greater than the increase 
due to an equal error inwards 

8ix plates were measured, three fringes being measured m each The 
results vanod between 1 04 1 and 1 23 1 for the ratio of the intensity 
of inner component to that of the outer components But as these measure- 
ments are liable to the above-described systematic error, tending to increase 
the ratio, it is clear that the value must be substantially less than 1 2 1 
This indicates a high value for the nuclear spin, the mtensity ratio for a spin 
of f being 1 2 1 and that for an infinitely great spin 1 1 It would have 
been possible to eliminate the systematic error by broademng the emission 
line But even if this were done, the mtensities measured would not have 
been of much value, on account of the very small change in intensity ratio 
for a change in spin value 


The structure of the line 3 '*P|-4S^, 3962 A 

The structure of this line was examined with etalons of plate separations 
2, 3 and 4 cm The atomic beam gave an absorption hne with a width of 
0 04 cm which could not be resolved into components even with the 
greatest colhmation (20 1) and etalon length Under these conditions it 
would have been possible to resolve hnes with separations of about 
0 012 cm “1, it appears, therefore, that this Ime must possess more than 
four components (probably six, which is the greatest number which a line 
of this tyjie can possess) 
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The structure of the link 3 *P,-3 “D,, A 3082 A 

This hne was investigated by means of an atomic beam with a 2 cm etalon 
and was found to possess two components (hg J, Plate 1) The absorption 
lines are marked by arrows The separation of these was measureil both 
directly and also by the measurement of photometer traces, the first 
method giving the value 0 066 ± 0 002 cm and the second 0 067 + 
0 002 cm The structure of the lines was observed with colhmations 
of the atomic beam of 7 I and 12 1 The intensity of the component 
of longer wave-length was the greater It was possible to measure the 
intensity ratio (ratio ol absorption coefficients) of the two components to 
a very high degree of accuracy The absorption Imes lay well within the 
emission line and were placed symmetrically on either side of the maximum, 
so that there was no systematic error of the tyfie which made impossible 
the accurate determination of the intensities of the three components of 
the line 3 *Pj-3Sj The intensity of the atomic beam required to produce 
absorption was considerably less than that needed for the hne 3 *P|-3Sj 
and the exposure needed was only 10 sec , consequently it was possible 
without difficulty to make four successive photographs of the absorption 
with one charge of aluminium in the tantalum container A considerable 
source of error was the fnirely erratic error inherent to all photographic 
intensity measurements In the ultra-violet, where the contrast of plates 
IS relatively low, this introduces a possible error of about 4 % It is, however, 
doubled m the method of deterraimng intensities by absorption, for it is 
here necessary to determine the ratio of the logarithms of two intensity 
latios Any one determination of the intensity ratio of the two components 
could therefore be exjiected to be liable to an erratic error up to about 8 % 
In order to reduce this erratic error a large number of intensity measure- 
ments was made 

The method was exactly similar to that used by the authors in their 
determination of the intensity ratios in the hyperfine structure of the 
resonance lines of silver A cross wire w as fitted to one end of the sht A 
jihotograph of the light souue (exposure 10 sec ) was made, then four 
exposures (10 sec ) of the fight source with absorption by the atomic beam, 
and finally a senes of intensity marks was made by giving a succession 
of exposures (10 sec ) to a hydrogen tube with vanous slit widths Photo- 
meter traces were made, and by reference to the cross-wire the exact position 
was found of the absorption fines, in the emission fine without absorption 
Only those plates were measured in which the degree of absorption in con- 
secutive exposures was constant to within about 30 % (this showing that 
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the density of the atomic beam was fairly constant) In each plate between 
two and five fringes were measurable, giving two to five intensity deter- 
mmations The absorption coefficient of the stronger line ranged between 
0 1 8 and 0 47 (expressed a« logjg) in the various photographs measured 
Two senes of measurements were made, the first with a collimation of the 
atomic beam of 7 1 and the second 1 2 I The results of these are given in 


TAULt T — TOUIMATION 06 ATOmC BEAM 7 1 


Absorption 

Individual dttf rminations 


coi fTicii nt 


of intensity ratio 

Mean 

4, 6 22 

1 28 

1 13 

1 15 


I 19 

4, 6 30 

1 23 

1 18 

1 18 

1 28 

1 22 

B, 0 33 

1 24 

1 15 

1 19 


1 19 

r, 6 34 

1 20 

1 21 

1 14 

1 17 

1 18 

r', 0 34 

) 16 

1 17 

1 12 

1 13 

1 16 

li 6 38 

1 24 

1 17 

1 16 

1 16 

1 18 

Bj 6 39 

1 20 

1 18 



1 19 

C, 6 41 

1 23 

1 18 

1 18 

1 28 

1 22 

f 6 47 

1 19 

1 16 

1 14 

1 12 1 10 

1 16 

Moan of 33 incnsiin 

rtinents 

1 18, 




('orrectr d for Doppler wing 1 20, 

Mean trror 0 032, probabk tiror of mean value 0 1)06 


Table II — Collimation of atomic beam 12 1 


Absorption Individual doU rminations 

coefTicienl of intensity ratio Mean 


Aj 0 18 I 34 I 21 

n, 0 28 1 20 I 21 

Ij 0 30 124 1 23 

B, 0 36 1 20 1 21 

('i 0 35 1 14 1 17 

Cj 0 34 1 19 1 13 

4, 0 42 1 22 1 25 

1 j 0 44 1 20 1 24 


1 18 1 24 I 24 

1 16 1 14 1 18 

1 21 I 24 I 23 

1 17 1 17 1 19 

1 20 I 17 

1 10 1 22 118 

1 17 1 15 1 23 1 20 

1 23 1 19 1 17 1 21 


M( un of 33 mi asuri inents 1 20, 

Ml an error 0 036 , probable error of ini an value 0 006 


Tables I and II In these tables each row gives the measurements for any 
one exposure In the first column is given the mean value of the absorption 
coefficient for the stronger line and the senes to which each exposure 
belonged (thus A^, A 2 , Aj, are four consecutive exposures dunng which 
the atomic beam was runmng continuously), in the second the values of the 
intensity ratio of the doublet according to each fnnge measured, and in the 
third the mean of these measurements To the measurements made with 
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an atomic beam colbmation of 7 1 a small correction has to be applied on 
account of the overlapping of the maxima of each component by the 
Doppler wing of the other The total half-value width of the absorption 
lines 18 0 027 cm The intensity of absorption due to each line is therefore 

OJ)6« 

equal, at the position of the other line, to = 0 05 of its maximum 

value From this it follows that the observed intensity ratio i is given by 

/-I-0 05 
^ ~ 1+0 05 7’ 

where 1 is the tnie intensity ratio, and according to this equation an observed 
intensity ratio 1 1 is given by a true intensity ratio 1 20g With an atomic 
beam colhmation ot 12 1 the corresponding coirection is negligible 

The possibility of systematic errors must be considered Those can arise 
m three ways from unresolved structure due to the term 3®D|, from 
insufficient resolving jiow er ot the etalon , and 1 rom alteration in the intensity 
of the atomic beam during the course of an exposure 

The separation of the two observed components of the Ime 3*Pj-3®D| 
was 0 018 cm greater than that of the two levels of the term 3 ’“Pj From 
this it follows (see }> 50) that the total sphtting of the term 3 ^Dj is about 
0 03 cm “1, and that each of the observed lines has an unresolved structure 
of width about 0 02 c rn that of the stronger line being someivhat greater 
This structure is less than the half-value width witli a colhmation of 7 1 
(0 027 cm -1) and more than that with a colhmation of 12 1 (0 OlO cm -*) 
The possible influence of this stnicture would be to make the effective inten- 
sity of the stronger Ime somewhat smaller, on account of its being spread 
over a slightly greater width But this effect would be veiy much stronger 
with the higher degree of collimation The [lerfect agreement of the results 
obtained with the two colhmations shows, therefore, that any error must be 
very small, probably not more than 0 01 

The resol vmg power of the etalon was at this wave-length between 
0 025 and 0 030 c ni The width of the lines, even with the higher colhma- 
tion, 18 rather greater than this, on account of the unresolvecl structure 
desenbed above This wndth excludes the possibility of loss of a])parent 
intensity duo to too much concentration of the absorption compared with 
the resolution of the etalon 

A further error arising from finite resolving power of the etalon is the 
intensity, at the positions of the absorption lines, due to the remaining 
emission mtensity between and on either side of the absorption lines The 
absorption maxima have distances from the neighbounng emission peaks 
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of about three times the instrumental half-width Here, the intensity has 
drop])ed to less than one-tenth of its maximum value This effect makes the 
intensity ratio appear smaller An approximate calculation shows that this 
error must be w ell under 0 01 A similar calculation apphed to the authors’ 
results for silver would indicate a correction of 0 3, the observed value 

2 7 1 becoming 3 1 , in agreement with the theoretical value 

The last source of systematic error to be considered is the influence of 
alteration of the intensity of the atomic beam during the course of an 
exposure The amount of this can be calculated a change in absorption 
coefficient from 0 30 to 0 20 during an exposure results m a loss of rather 
loss than 0 02 in the measured mtensity ratio for an intensity ratio of 1 2 1 , 
while a change from 0 45 to 0 35 similarly gives nse to a loss of rather more 
than 0 02 The ( hange in the average value of the absorption coefficient 
from one exposure to the next of the same senes gives a good estimate of 
the amount of change in intensity of the atomic beam during these two 
exposures In this way it can be seen that the average value of the change 
18 0 04, and from the hgures above it follows that a correction of about 
0 01 must bo applied to the average value of the mtensity ratio 
The mtensity ratio of the two hyperfine structure components of the 
line 3 *Pj-3 is thus shown to be I 2 1 1 , all possible sources of systematic 
error were considered and allowed for, the erratic error is probably about 
+ 0 01 and certainly less than ± 0 02, on account of the groat number of 
measurements made The value 1 21 1 can therefore be rebed on to be 
accurate to ± 0 02 

Till STRUCTURK OP THE lUNE 3 ®P|-3D|, A 3092 7 A 
The above bne could not be resolved into components Its width was about 
0 04 cm and the resolving power of the etalon (2 cm plate separation) 
with wluch it was examined was 0 0.1 cm “ ^ the half value width of the Ime 
in the atomic beam (colhination 12 1) being 0 016 cm From this it 
can be assumed that this line possesses more than two components, for 
under these conditions a doublet structure would have been resolved 
On account of its small intensity and closeness to the line 3092 7 the hne 

3 *P,-3 *D, (3092 8) was not examined by means of absorption in an atomic 
beam 

The STRUCTURE OF THE LINES 4Sj-6 *P|, A 6696 A 
AND 4Sj-6 2Pj, A 6699 A 

These Imes were emitted by the resonance lamp, their mtensity being 
about equal to that of the neighbouring neon Imes Their structure was 
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investigated with an etalon with plates silvered so that each plate trans- 
mitted IJ %, the etalon bemg used m conjunction with the m siiectro- 
graph and a very dense glass prism 

The separation of these two lines by the dispersion of the pnsm was only 
about \ mm It was therefore necessary to use a plate separation of the 
etalon of such length that the order of interference of the two lines would 
differ by w -I- ^ orders This condition was satished by using a plate separation 
of 1 5 cm In order to make the Doppler width of the lines as small as pos- 
sible the capillary was cooled with water at 50° C 

Both of the lines were found to consist of doublets only just resolved, 
the separation being 0 05 cm > The half-value width of the hnes is 

0 04 cm This doublet structure was observed by Ritschl but he gave no 
intensity ratio 

The resolution of the hnes was just enough for the photometer to show 
a definite mimmum between them Accordingly four jilatos of the hue were 
made, each being given intensity scales by means of a V shaped slit The 
exposure of the hnes was 1 hr , and three exposures ot 1 hr of the V-shaped 
sht with different intensities ot the light were made Photoinetor traces 
were made of the plates, and it was found that in two or three fimges in 
each plate the maxima and minima were just sufficiently well defined m 
the stronger line, 4S^-5 ^l’|, for a comparison of the intensities of the two 
components In all ten measurements were made, the values found being 

1 17, 1 12, 1 19, 1 20, 1 17, 1 IH 1 n, 1 19, 1 IH, I 14 The component ot 
longer wave-length was the stronger, the intensity ratio from the figures 
above being 1 16 + 0 04 This value requires the usual correction for the 
overlapping of the Doppler wings Tlie intensity of these wings at the 


005 

maxima of the other components is equal to ( I)® 
sity ratio I is given by 


1 16 


7-+0 1 8 
1 -hO 18x / 


= 0 18 , 


the true inten- 


This gives / = 1 23 ± 0 06 No great accuracy is claimed for this value, as 
the maxima and mimma were only just visible in the photometer traces 
Also the correction apphed for overlappmg is very great 


Tins STRUCTURE oi- THi LINE A1 II, ’Bj, a 2669 A 

A hollow cathode tube, ui which the cathode was made entirely of 
aluminium, was used as a hght source for the above Ime The tube was cooled 
w ith liqmd air and the current used was 200 mA The intensity of the line 
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was investigated with the tube filled with neon, hehum and argon It was 
found to be the strongest with neon, and the most favourable pressure was 
about 1 mm 

The structure of the hne was investigated with a reflexion echelon mounted 
in the manner previously described by Jackson ( 1930 ) The possible resolving 
power of the grating was about 1,300,000 (0 03 cm “i) at this wave-length, 
lor it possessed 26 plates of thickness 7 mm However, as the hall value 
width of the lines of aluminium at hquid-air temperature is about 0 06 cm 
the slit width of the spectrograph was made equal to 0 06 mm , correspon- 
ding to a resol vmg power of about 600,000 (0 06 cm -^) In order to reduce 
still more the necessary length of exposure the plate was set normal, instead 
of at the appropriate tilt of 66 ° This increases the intensity two or three 
times but only the hne under investigation is sharply focused Under these 
conditions a rather underexposed photograph of the hne was obtained 
with a 2 hr exposure, and a good one with 44 hr exposure 



The photographs showed that the structure consists of a fine hne of width 
about 0 1 cm with a much broader line, width about 0 2 cm of longer 
wave-length, the separation of the estimated centres of the two lines being 
0 1 7 cm A photometer trace of this hne is shown in fig 4 
This observed structure can be satisfactorily explained as a triplet not 
completely resolved, the broad hne being two Imes separated by about 
0 1 cm ■ 1 , but not quite resolved, and the narrow hne a single hne The 
intensity distribution in the echelon spectrum makes the central component 
apjiear stronger, being nearest to the centre of the spectrum 

The struptures oe the lines 3» 3p“ ^P|-3s 3p 4» ^P|, A 3057 
AND 3s 3p* «P,-3s 3p 4s *P,, A 3060 

The above lines were emitted by the liquid-air-cooled hollow cathode 
tube, and their structure was examined with the echelon grating referred 



Hyperfine Structure and Nuclear Moments of Alumimum 69 

to above (resolving power about 0 6b em -i) and also a small Lummer plate 
(resolving power about 0 03 cm >) The line 3057 appeared to possess two 
components separated by about 0 12 cm the width ot each bemg about 
0 1 cm , a reduction in the current of the hollow cathode tube did not cause 

any reduction in the width of the components Under these conditions the 
Doppler width of the lines is about 0 05 cm it is therefore clear that the 
observed doublet structure is not a complete resolution, there must be 
finer unresolvable structure The lino 3050 also appeared to possess two 
components, these were even wider than those of 3057, their width being 
about 0 14 cm ' and the separation of their centres about 0 16 cm 
this observed doublet structure is therefore also an incomplete resolution 


TllEORtnC AC DISC USSION Oh KFSUnTS 

From the observed triplet structure (-0 048 0 OOO and +0 048 cm -') 
ot the line 3 *Pj-4Sj together with the doublet structure (0 00 and 0 05 cm “*) 
of the line 4Sj-5 2Pj, it can be seen that the levels and 4Sj are both 
double with a sphtting of 0 048 cm -> The structure of the line 3 ^D, 

shows that the term 3 *Dj possesses an inverted structure the tot-al width 
of which IS about 0 03 c in * This structure is probably due to perturbation 
by the term 3«3p2iD, The splitting of the terms 4.Sj and 3**P| can be 
explained as a normal hyperfine struc ture splitting The value ot the nuclear 
spin can be calculated from the intensity ratios of the three components of 
the hne 3 2Pj-4Sj and from the intensity ratio of the two components ot 
the hnes 3 *Pj-3 ^D| and 3Sj-5 '“Pj The first of these was not measured to 
a very high degree of acc iiracy, it was tound that the ratio of the mtensity 
of the central component to that of eithei of the outer components was 
certainly less than 1 2 1 From this it follows that the nuclear spin must 
be greater than i (the ratios for spins of i and | being resyiectively 2 1 
and 12 1) 

The value of the intensity ratio ot the two components of the hne 
3*Pj-3*D, was determined with very great accuracy After allowing for 
all possible systematic errors it was found to be 1 21 1 From this it 

follows that the value of the nuclear spin is the intensity ratios corre- 

spondmg to spins of |, I and being respectively 1 29 1,1 22 1 and 1 18 1 

The values corresponding to spins of J and are outside the probable hunt 
of error 

The intensity ratio of the components of the hne 4Sj-5 ^P | was approxi- 
mately measured The value was found to be 1 23 1, but the ac curacy of 
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this was not very high, an error of ± 0 06 being possible, the results of this 
measurement are however of some interest as they afford a certain confirma- 
tion of the value of the nuclear spin found from the intensities of the com- 
ponents of the hne 3 *Pj-3 *D| 

In a preliminary note Ritschl (1933) suggested that the nuclear spm of 
aluminium was J , the reason for this being an observed doublet structure in 
the lines 3057 and 3060 of the arc spectrum and the line 3So-3®Pi, 2669, of the 
spark 8|jectrum However, a careful investigation of the structure of these 
linos showed that the doublet structure is only a partial resolution, the width 
of the components of the lines 3057 and 3060 being about twice as great as the 
normal width of a simple hne under the conditions used The spark line 
26()9 was found to consist of one narrow line and another line of width 
twice as great This again clearly shows that the resolution into two com- 
Iionents is ituomplote, the observed structure being perfectly explained by 
assuming a triplet struc tore 

The nuclear spin of | found from the accurate measurement of the 
intensity ratio of the hyperfine structure components of the hne 3 *Pj- 3 
IS thus seen to be supported by the less accurate determinations of the inten- 
sity ratios of the components of the lines 4Sj-6*P, and 3*Pj-4Sj, and the 
apparent discrejiancy of the doublet structures observed by Ritschl (which 
would indicate a spm value of J) is explamed by incomplete resolution 

Assuming the value J for the mechanical moment of the nucleus, the 
magnetic moment can be calculated from the width of the splittings of the 
levels 4Sj and 3 ^‘Pj Using the formulae given by Goudsrait, it is 4 1 nuclear 
magnetons according to the splitting of the level 4Sj and 3 6 nuclear 
magnetons according to the splitting of the level 3 *Pj The sign is positive, 
for in the lines 3 ^Pj-3 *Dj and 4ISj-6 *P| the components of longer wave- 
length are the stronger The discrepancy of 0 5 between the values of the 
magnetic moment calculated from the sphttings of the levels 4Sj and 3 *Pj 
IS much outside the hmits of experimental error, however, Goudsmit states 
that the formula for P levels gives rather too low values of the magnetic 
moment with light elements 

The authors take this opportunity of thanking Professor Plaskett for 
placing at their disposal his excellent photometer, and Professor Lindemann 
for his continued interest in the research, and also Queen’s College and 
St John’s College for the stipends granted to one of them 
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StTMMAEY 

The hyperfine structure of the resonance lines of alummium was investi- 
gated by means of the absorption m an atomic beam of aluminium The 
line 3®Pj-4Sj was found to possess three components at -0 048 0 000 
and + 0 048 cm of nearty equal intensity The line 3*Pj-3*Dj ixissessed 
two components of separation 0 000 cm the intensity ratio of which 
was measured to a high degree of accuracy, the value found was 1 21 1, 
the component of longer wave length being the stronger 

From the structure of the lino 3*Pj 4Sj it follows that the levels 4Sj and 
3*Pj are both split mto two levels, of separation 0 048 cm (the greater 
splitting of the Ime is duo to a small unresolved, inverted 

structure of the level t2p)| w'hich is probably caused by perturbation by 
the term Ss 3p* *D,) The observed intensity ratio of the components of the 
line 3 *P^-3 *D| gives a value | tor tho nuclear spin, and the splittings of the 
levels 4Sj and l*Pj give values 4 1 and 3 6 nuclear magnetons resiiectively 
for the magnetic moment of the nucleus according to the formulae of 
Goudsmit 

The Imea 4Sj-5*P| and 4Sj-5^Pjwere observed m emission and were 
found to be doublets, only just resolvable on account of their Doppler 
width, of separation about 0 05 cm and of intensity ratio (when corrected 
for overlapping) about 1 23 1 , the comjwnent of longer wave-length being 
the stronger This structuie is in < omplete agreement with the interpreta- 
tion of that observed in the resonance lines 

This result is in disagreement with the contents of a preliminary note by 
Ritschl m which, from an observed doublet structure of the arc Imes 3057 
and 3060 and the spark line 2009, he suggested a nuclear spin of ^ , an m- 
vestigation of the sti ucturo of these lines showed that the observed doublet 
structures do not represent a complete resolution 
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On Anomalous Vibrational Spectra 
By M Blackman, Trinity College, Cambridge 
(Communicated by R H Fowler, FR 8 — Received 4 August 1937 ) 

In previous w ork on the vibrational spectrum of simple lattice models, 
it has been shown (Blackman 1937) that the spectrum becomes anomalous 
wlien special values are chosen for the force constants entering mto the 
description of the model As an example wo may take the case of a square 
lattice of lattice distance d containing one particle per cell, m which the 
force constants a (for particles at a distance a) and y (for particles at a 
distance d^ 2 ) were used When yja tended to zero it could be shown that 
the spectrum changed from the two-dimensional to that of the linear chain 
A similar result holds in the corresponding three-dimensional case Although 
one would not expect any actual crystal to correspond to a limiting case (it 
would not be stable) it is conceivable that there should be crystals which 
ajiproach the limiting case 

In all cases which have hitherto been discussed, the anomaly is associated 
with the behaviour of the low-frequency end* of the spectrum This suggests 
that one could trace the effect to some projjerty of the clastic contmuum 
An examination of the lattice mentioned above, for which the elastic con- 
tinuum has two elastic constants Cn and Cjj = c^^, shows that the transition 
to the limiting case (y/a = 0) can be put in the form 044/011 ->0 

The investigation of the two- and three-dimensional continua shows that 
there are several relations among the elastic constants which lead to the 
velocity of elastic waves being zero in certain directions In all such cases 
the vibrational spectrum becomes anomalous The specific heat of those 
lattices for which the elastic constants satisfy the critical relations show of 
course a different character as well In all these cases the Op value is zero for 
very low temiieratiires It is hence clear that the study of the spectrum in 
such cases is of interest from the point of view of the specific heat 

1 — Two-dimensional Theory — We shall discuss the behaviour of a two- 
dimensional regular contmuum, as this is similar to the three-dimensional 
case and has the additional advantage that the discussion of the hmiting 
cases is simjiler The equation of motion of the contmuum can be solved on 

* An anomaly can also bo aasocmtcMl with tb« high frequency end of the apectrum , 
such COSOS arc now being investigated 
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the assumption that we have wave motion and the velocity of the vanous 
waves can be found from the equation 

I — /9C® + Cjjl*4-C44m* (^12 + C44)^»l I 

1 (Cig + C 44 )Zm + \ ^ ^ 

Here I, m are the direction cosines oi the wave, p is the density of the medium, 
Cji, Cij, C 44 are its elastic constants, and c is the wave velocity 

From the point of view ot the spectrum it is convenient to look at this 
ecjuation for the velocity in a slightly different manner We are interested 
pnmanly in the frequency v and in the curves of constant frequency, so 
we put V = c/A, p - IjpX, q - m/pA, wlierc A is the wave length, and obtain 

I -I^^ + CuP* + C44l?* {Cu + c^^)pq 

I (fl2 + ^44)/»? ~»’* + <’ll<Z* + '44P® I 

The p, q are closely 1 elated to the jihase chfferences between yiarticles in the 
lattice for which ( 2 ) represents the limiting form of the equation of motion 
Solving the above equation wc obtain 

21.2 = (C „ + r44) (p^ + q^) ± [(p2 - q^y (Ca - c.,)* + 4{c,, + r^^ypY]^ (3) 

Tlus can be put in a more convenient form by expressing q), q m polar co- 
ordinates, 1 e p = i? cos^, q — R sin 0, w here R = I jpX, hence R is inversely 
pioportional to the wave-length 

R^ = 2c^/{(Cu + C44)±r(Cll-<'44)^<-«8*2</ + (<‘l 2 + <'44)®»l>^®^<9]*} (4) 

The two solutions correspond to the two frequency blanches We can now 
plot the curves R = R{d) for fixed values of the frequency and for different 
values of the elastic constants It will be seen that the maximum and 
mimmum values of R occur at jioints for which 0 = u° or (9 = 45° In these 
cases R has the following values 

,«f( 0 °) = 2 i' 72 fj, = 2 »' 2 / 2 c 44 , ) 

(5) 

i?f(45°) = 2i^*/(Ca + Ca + 2r44), /;i(45°) = 2cV(Cix - c^) | 

One notices immecbately that the elastic constants must satisfy certain 
relations 

(а) C44>0, 

( б ) t^ll-Cl 2 )> 0 , 

(c) Ca> 0 , 

(d) (c-„ + fi2 + ^'-44)>0 
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These are simply the relations which are necessary m order to ensure that 
the frequencies should have real values (the condition for stability) When 
any one of the above combinations of elastic constants are equal to zero 
the value of E tends to infinity 

We shall consider each ol the above relations separately at first In the 
case C44 -?■ 0 the cross-sections R = E( 0 ) lor a fixed value of v are shown 111 
fig 1 and in fag 2, for which C44 = Cj^, = 0 79 c,i respectively The figures 
show how the critical curve is approached R becomes infinite along the 
axes in one branch only, whereas /?( 46 °) is fimto in both branches and 
depends on the value of fu and 

One would not exiicct the value = 00 to be correct but would rather 
attribute it to a breakdown ol the continuum theory It is interesting to 
compare the frequency equation with an exact one in this connexion The 
case C12 = C44, 044=1=0 can be compared* with the square lattice mentioned 
in the introduction, the frequency equation for which is (Blackman 1935) 

- mu)^ + 2a( 1 — cos 0j) 

•f 4 y{ 1 - cos cos ^2) 

4 y sin sin ^2 

where 5^4 = 2 TtdpjX, ^2 “ 2 ndqjX. Expanding the penodic functions for 
large values of A the frequency equation takes the same form as in ( 3 ) The 
expansion is, however, not always permissible and fails for example when 
the frequency is zero for a finite value of A The cross-sections in the case 
y/a = 0 are straight hnes in ^ (or^i, q) space Hence the hraiting cross-section 
111 fag 1 IS me oiTect though the others are correct For this particular lattice 
one knows that the whole spectrum becomes one-dimensional when y/a =: 0, 
but this IS a special feature and could not be predicted from the continuum 
equation What can be predicted is that the spectrum should have a one- 
dimensional character for low frequencies, 1 e the density of normal vibra- 
tions should be constant We know that the cross-section for one of the 
branches can be approximated by two straight hnes parallel to the axes 
and that these lines have a finite length The area (for fixed v) under the 
curve will hence be approximately represented by the sum of two rectangles 
less the area of the square common to the two rectangles One of the sides 
of the rcc tangles is a constant, the other is proportional to v Hence the 
area can be written as ac - bv^ In the case of the second branch the corre- 

* This IB only ono of tho many lattices which have the same continuum equation 
It 13 taken because it is a very convenient example 


-»Mii*-|-2a(l -cos5i2) I 
+ 4y(I-oos5), coscij) 1 
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spondmg area is Hence the total area is av and the density p{v) is given 

by the constant a In the general case m which Cjj =f the term in hv^ in the 
area wiU not bo cancelled and the density will be of the form p{v) = a' - b'v 
Hence wo always ha\e the one-dimensional density for small n 

Taking the condition Cjj = and assuming c^/c^i of the order of unity, 
the curves of < onstant frequency take the form shown in fig 3 The anomaly 
now occurs for It can be seen that tins anomaly has certain properties 
in common with that of C44 = 0, so that one w ould be tempted to think that 
the density is again onc-dimensional 

It can again be shown by considering the simple lattice model, the 
frequency equation for whith is given in (7), that the density is mdeed 
exactly one-dimensional for small fiequencies in the case = i'll, C44 = 

This case can be obtained by putting a = 0, 74=0 The solutions of the 
frequeiu y oc^uation then become 

= 47( 1 - cos cos ^2 + sin <j)^ sm 

1 («) 

ww* = 47( 1 - cos (j)i cos <j>2 - sm sin 9^2) j 

The cross-sections 9J1 are evactly the same os m fig 3, except that 

the curves are limited to a certain region in ^i-spaoe 
But equation (8) can easily be transtorraed by putting 

+ = ( 9 ) 

into the form raw* = 47(1 -coa0,),l 

( 10 ) 

m(o^ = 47(1- cos tPj) J 

This 18 a one-dimensional frequency equation, and the whole spectrum is 
hence that of the one-dimensional lattice It tollows that the density of 
normal vibrations is p{v) — a bv^ for small v, the hiiear term being missing 
Taking the third condition Cn -f 0,2 -4- 2C44 = 0 we can show that for C44 = c u 
exactly the same relations hold as m the case Cja = Cjj = C44 in each case 
jf22(()°) = and Ji^45°) = v^l^Cn, 00 Hence we have again a one- 

dimensional density distribution An analogous argument shows that the 
cose C44 = 0 18 related to the case C44 = 0 
The romaimng cases occur when the elastic constants are intermediate 
between those chosen for discussion above Two are of particular interest, 
they occur w hen tw o of the critical conditions are satisfied simultaneously 

(a) C4i = Ci2,- (44 = 0, 


(b) C42-fru-f-2C44 = 0, C44 = 0 
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As can be seen from (6) R becomes infinite for one of the branches in every 
direction 

From t}ie previous comjiarison between the results for particular lattices 
and the continuum one would suppose that this could only mean that the 
frequency is zero fox the whole frequent y bianch It is rather mteresting 
to see whether one can construct some lattice model which shows this 
jiroperty It should be noted that the first condition Cn = = 0 fulfils 

the requirements for isotropy, so that one would look for some lattice which 
has a symmetrical grouping of jiarticlcs One case which fulfils the con- 
ditions IS a hexagonal network such as is found in giaphite i e the particles 
are found only at the corners of the hexagon It can bo shown that there are 
two particles in the unit cell, heme then ate four frequency branches, two 
acoustical and two ojitical If the assunqition is made that forces act only 
between neighbouis, the equation for the freciuency bei omes 

— X^a \12 -f 2 cos ^1 + 2 cos + 2 cos 

-f-'»a*[l-(-2cos95i-t-2<os5S^-|-2cos(c^i = (», (11) 

where X = — -t- 3 a, a is a force constant and and the elementary 

phase chfFerences 
The solutions aic 

— moj^ -H 3 a = ± 3 a, 

- 77 ioj^+ la = ±a( 3 -f 2cos9Ji-t-2tos^^-t-2oos(9ii-9i^))* 

It will be seen that one of the roots is = 0, 1 e all the fiequencics for 
the branch are zero The other biaiu lies behave quite normally It can also 
easily be venfied that the required relation holds between the elastic 
constants .Smee the condition of isotrofiy holds formally the vibrations 
should be purely transveise 01 iiurely longitudinal foi long waves It is the 
transveise waves which behave anomalously lieic 

The second of the above relations -I- 204^ = 0 1 44 = 0 also* satisfies 

the condition for isotropy f there liemg tw'o such conditions in the two- 
dimensional case in contiast to the three-dimensional case where there is 
only one Here it is the longitudinal waves which behave anoinaloiislv and 
give the frequency zero 

In both the above cases the spectium will have a strong maximum at the 
jioint r = 0 This can be rexiresented as being an extreme case of the one 

* It IS cl( ai that th< model iii< ntioncd abo\i iloes not apply to tins case 
t The conditions aie A = + ” ± 1 
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dimensional s^iectrum for one of the branches p{v) = a-bv in which a 
gradually tends to infinity m such a way that jp(i>)dv is finite 

This shows wliat happens m the intermediate cases The spectrum will 
in all cases be of the same form at the lower end, but the initial value of the 
density will rise enormously as the two critical points ore approached 

Wo have discussed above the diflerent types of anomalous spectra m the 
case of a regular two-dimensional continuum The more compheated 
(ontinua are also interesting but the effects though different in details can 
all be classed under those already mentioned, it is hence hardly worth while 
to extend the discussion 

2 — Three dmenawml theory — As in the previous section we shall discuss 
the simplest types ot clastu continuum and confine ourselves largely to the 
case of the regular continuum which is again characteiized by three elastic 
constants r^, Cjj, The e(|ua(ion of motion of the continuum can bo 
reduced to a determinantal ecjiiation lor the velocity of clastic waves which 
has the following form 


-pc^ + Clll^ + c^^rt^^ + c^^n^ (Cij-f-c^l/m {<’i2 + <m)^^ 1 

(Cu + Cii)lm -pc‘^ + Cnm^+c^^n^ + c^^P (Ci2 + f 44) wa = 0, 

(''12 + ^44)^” (rij-l-Ci4)ma -pc^ + c 1^11^ + + 1 

( 12 ) 

where p is the density of the medium, I, m, n are the direction cosines of a 
wave in the medium, and r the veloc ity of propagation of the wave 
As has already been exjilained we are interested in the frequencies rather 
than in the velocity, and we can change ( 12 ) into the following equation 
for the frequeiKics, putting r = c/A, p = l/pA, q = m/pA, r = n/pA 


-^’^ + c^y + c^^q^ + c^^r^ ('•i2 + C44)W 

(Cl2 + ->'^ + + ‘'44i>* t C44''" 

('■l2 + '’44)P^ (Cl2 + C44)5f'‘ 


(Ci 2 + C„)pr 

(fl 2 + C 44 )?'‘ =b, 

( 13 ) 


We may then regard the equation as the hmitmg form, for low frequencies, 
of the ecjuation for the frequency of normal vibrations of a lattice where 
p, q, r correspond to the phase difference between particles in the lattice 
In the p, q, r space we have then surfaces of constant frequency, there being 
three such surfaces corresponchng to the three frequency branches It is 
necessary to investigate the points or cross-sections of the frequency surface 
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for which the frequency becomes zero when the elastic constants are 
allowed to vary The general solution of (13) is rather comphcated but it is 
sufficient to deal with special solutions os the anomalies are restricted to 
sjiecial direc/tions in p, q, r space We shall consider the solutions for p = q = r 
and those for p = 0, 5 #= 0, r 4= <>, etc An examination of the general solution 
failed to show any other points vcoith investigation We shall express 
p, q, r in terms of jiolar co-ordinates p — BcohO sin^; q = Rw^O cos 95 , 
r = RainO In the case r — 0, p + O, ^4=0 the three solutions for R become 
R^ = 2c*/{(cn -f c„) ± K^n - <'u)‘ 2^4 4 (c„ 4 sin^ 2^f},] 

(14) 

R^ = 2u^l2c,, J 

The first of these solutions is exactly the same as in the two cbmensional 
case We shall wTite down the values in the sjiec lal cases 0 = 0’ and 0 = 45°, 
as the R values take on extreme values for these cases 
0 = 0 °, R\ = rVc, 4 , R\ - Ri = | 

0 = 45°, Rl = v^lc,„ I?!=2c*/(c,i4r,2 4 2 r„), R^, = i 

(15) 

The three solutions for p = g = r (^4 = 45 ,0 = tail”' 1/^2) are 
Rl = 3 r^/(fu -U2 + ^14). - < .2 + 

= 3c2/(c„4 2cii4 4c„) ( 10 ) 

It will be noted that two solutions fall together here, whu h means that two 
of the frequency surfaces touc h for that direction in p, g, r space Further- 
more, when Cii-r ,2 = 2 C 44 all solutions fall into two groups for which 
Rl = c*/(Cj 2 4 2 c’ 44 ) respectively This is the isotropic case for 
which the surfaces of constant frequency are spheres, two of which fall 
together 

From (16) and ( 1 6) one can construe t a hat of conditions which the elastic 
constants must fulfil 

(n) f44 > 0, 

n(0) 

(f) fu> 0 . 

id) (Ki + <'i2+2c44)>0 

* This condition has boon (uven by Foeratorlinn (1918) but its conseciuoncc'S were 
not in\ ostigated 

t It has boon suggested (Durand 1936) from a study of the \ariation of the elastic 
constants of NaCl, K( 1 MgO with temperature that the n lation r,i = Cj, hold at tho 
melting pomt of these substances In view of the fact that tho lattice is unstable 
when this condition holds this fac t assumes a special inttn st , an examination of tho 
experimental data shows however that the extrapolation is rather large, and 
further work would be necessary in order to establish this result 
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The condition (c„ - + c^) > 0 is automatically fulfilled when {a) and (6) 

hold, and similarly Cn + Cjj + if 44 > 0 if + icja + 4r44 > 0 
We can consider these conditions from the {xunt of view of a diagram of 
Cjg/Cji against Then the relations (a), (6), {d) aie straight hnes in this 

diagram, which is useful in visualizing the connexion between the various 
conditions and also the range of values of the elastic constants which are 
forbidden This point w ill he considered in detail later 

In the case where C44/(jj = 0, (cn — Ci2)/cii>0 an examination of (16) 
shows that tlie R values for one branch become infinite for both t/ = 0 and 
0 ~ 45°, whi( h means that they are infinite for the intermediate diiections 
as well Hence the Irecjuency is zero over a plane in the phase cube (Bom 
1923) tor the corresfxmding lattice Since there are three planes which are 
ecpiivalent this holds for three ]ilanoH of the phase cube Furtheimoie, R 
bcfomes infinite for the second branch too in the direction ot the space 
diagonal Tlie third branch remains normal The ciuestion now ansos as to 
what the density ot normal vihiations becomes for the lattice when the 
above relation is fulfilled 

It the position were sue h that the fiecpicncy is /eio over oiilj one plane 
and the surlaces of constant fiecpicnc v arc paiallel planes whose distance is 
proportional to the trecpiency, then it is easy to see that the density ot 
normal vibrations is a constant for small v, 1 < the distribution is purely 
one dimensional If the frec|ueiK> is zeio along a line and the surfaces of 
constant trequency expand uniformly about this hue as the Irequency is 
increased, then the density is jiioportional to the frequency (for small 
trequencies), 1 e it is two dimensional 
In the case = 0 the c onditions are not cjuite so simple, but the 

fundamental point — that the frec|uency is zero over a plane and a line— still 
holds good One would hence expect a oue-dimcnsional distribution for the 
first branch, a two-dimensional distribution m the second branch, w hile the 
third leniains noimal 

These conclusions can be amplified by consideration of a special lattice 
which fulfils tlie condition with the added lelation = C44 This is a simple 
cubic lattice ot the Born-v KarmAn (1912) type in which forces between 
neighbours only are considered It has been shown in previous work 
(Blackman 1937) that in this case the frequency ecjuation has the foiin 
|-mwH2a(l-cos^4i) 0 0 | 

j 0 -mw^-hiall-cos^j) 0 =0 

I 0 0 -mw«-f2a(l-cos^43)! 

( 17 ) 
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For long waves this has the requisite form of the continuum equation with 
= 2TrdllA, etc and = ajd The frequency branches in this limiting 
case have been studied (Blackman 1937), and it has been shown that the 
density has the following form in the three tases 

(I) p^{v) = a-bv-cv\ 

(II) p^(v) = bv, 

(ill) p3(v) = cv^, 

when the frequency is small This shows that the classification suggested is 
correct In the case where Cjg + r44 the coefficients b and c will not be the 
same in the three rases but the form will be unaltered 

Taking the second condition (Cn — Cijl/cn = 0, C44 + O we see that only 
one of the 1^(45^) values is inhnite, which moans that R is mhnito m throe 
directions Going over to the phase cube of the ecjuivalent lattice, this 
moans in tuiii that the ficquency is zero along three face diagonals of the 
cube This hapjiens for only one of the branches, the other two behave 
normally By analogy with one of the cases discussed above we would 
assimieinthiscasoadensity of the form /)(!') = hv — cr^,t 0 a two-dimensional 
distribution This case is also similar to the two dimensional case discussed 
in §1, where the same relation betw'ccn the elastic constants held The 
cross-sections of the frequency surface for which p - 0 would be very 
siimlar to those given in hg 3 



Fia 3 — It 0 diagram for tho cmwo Cj, Cn 

(а) fi, = fii. r44 = c,i. 

(б) Cl, = 0 98rii. C44 = c„ 

The difference between the two dotted curves is too small to be mdicated Figs 
1, 2, 3 are all drawm on the same scale for the same value of tho frequency 
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The third case to consider is that where (cn + 2Ci2 + 4c44)/Cn = 0, 044 + 0 
which can occur only when Ojj is negative Here it is one of the R values for 
p = q = r which hecomea infinite This means, in terms of the phase cube, 
that the frequency is zero along the space diagonal lor one of the branches 
only It has hence a two-dimensional density 

We have considered up to the present isolated points on each of the three 
hnes in the Cjj/cjj, diagiain, which denote the critical cases The lines 

cut m two ]iomts (i) ~ 1, (“) — 0, Ow/Cn = — 1/2 

Here the conditions heeonie rather complicated as R becomes infinite (in 
all directions) for two branches in c'ase (i) and for one branch in case (11) 
The third brain h is normal in (1), while in (11) there is a lino along which the 
frequency is zero as in all cases w here C44 = 0 

Wo have already discussed a similar case in two dimensions, so we know 
that the fact that R is infinite in all directions means that the frequency is 
zero for the whole of tlic phase cube Hence m (1)* two of the frequency 
branches have the fretpiency value zeio By analogy with the two-dimen- 
sional case we would expect that it should be possible to find some loosely 
packed lattice which has the above property It is found that the diamond 
type will show these features if we consider the forces between neighbours 
only The analysis by Born (1914) shows this clearly, if we neglect in his 
work the forces which resist the change of angle 
In case (11) only one of the three branches disappears Here the transverse 
waves have the higher frequency (because Cij is negative) 

The cases intermediate between the extremes will have intermediate 
jirojierties Wo have already shown 111 two dimensions that one can reach 
the limiting case of a laigo heaping u[» of frequencies at 1^ = 0 by letting the 
constant a in the expression p{i>) = a-f)v^ become exceedingly large 
Similar considerations apply here 

The surfaces of constant frequency and the cross sections for various 
frequom les show a similar variation in character (as the elastic constants 
are varied) to the two dimensional case, hence we can dispense with their 
discussion 

3 — One can study the cntical conditions for the elastic constants in other 
systems as well as the regular system, but one can easily see that the types 
of anomahes m the sjiectrum w ill belong to one of the three classes as before, 
the large number of elastic constants make matters rather more complicated, 

* It IS interest mg to note thut tho equation of motion of the contmuum goes over 
formally into that of the ideal liquid in case (i) Tho transverse waves “disappear” 
and only tho longitudinal waves remain 
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so we shall discuss only one case — the hexagonal continuum — because 
there are a number of metals which belong to this system 

The equation lor the velocity of leaves m the continuum with hexagonal 
symmetry is esiiecially simple because the solutions aie all symmetrical 
about the mam axis We can hence study the determmantal ec[uation for 
the frequency (or velocity) in any cross-sc c tion containing the axis, and the 
solutions will be the same for any other cross section Wo can therefore 
choose one of the direction cosines to bo zero and can express the vchx itj 
of the waves m terms of the other two direction cosines (Zener 1936) 
The eci nations for the wave velocities are 

(а) A(Cj,~rjj,)m* + C44n'^-/yc* - 0, 1 

(б) I Ciim^ + - f)r^ mn(Cn + Ci^) I ~ ^ 

1 ww(c„ + rj4) w2cj3 + mV44-/>c2 | | 

Without going through the detailed calculations for the ladiiis vector R 
wo can see from (18) what conditions must be satisfied in order to obtain 
anomalies in the siiectrum and what type of anomaly results We shall give 
in Table 1 the most important conditions denoting the anomalies by the 
numbers I, II and III I denotes a one diniensionai, II a two dimensional 
frequency distnbution w'hile III indic atos that the Ireqiienc y is zero for a 
whole branch Finally N shows that the branch is normal 


Condition 



Table 1 


Branch (a) 

Bran< li (b) 

Brandi (c) 

I 

1 

II 

II 

N 

N 

N 

N 

I 

III 

I 

I 

111 

IT 

I 

I 

11 

III 


Besides the above there are other iKissibihties when the constant c,3 has 
appropriate values These are of tyiie II and will belong to one branch only 
4 — It IS important to examine the above anomahes more closely from the 
jioint of view ol the specific heat of the lattices (^mfaning ourselves solely 
to the continuum region, we know that the value (which desenbes the 
specific heat) will tend to zero when the density of normal vibrations in the 
continuum region becomes very large Now the change from the normal 
density p(v) = av® to an abnormal one p(v) = av or p{v) = a is equivalent to 
the 00 value tending to zero Hence we can study how the 0 ^ value tends to 
zero when the critical values of the elastic constants are reached 
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We shall conhne ourselves to the case of the regular crystals as m § 2, and 
again make use of the diagram of c^j/Cxi against 

The Oj) value can be determined from the density of normal vibrations 
and this in its turn from the elastic constants One can write this Op value in 
the form (Born 1923) 

Op = hvpik , Vp = (j7r)J (<r/M)‘ cjc^^), (19) 

where M is the mean atomic weight, tr the density and /is a dimensionless 
constant The abo\ e relation for i>p m pra< tirally identnal with the Einstein 
(1911) formula deduced fiom dimensional considerations In the formula 
given we can, however, assign a meaning to the conatant 
it being a function of the volume in phase space enclosed by the surfaces of 

Table II* 

hubHtancc c,, Cj /r„ r44'<u Op If cr 0' 

NaCl 4 77 (1270 0 27« 102 29 i") 2 18 1 fi« 

KMr 3 127 0 174 (MS') 179 69 6 2 49 1 57 

Ktl 1 76 0 063 0 176 227 37 25 1 98 1 63 

KJ 2 67 0 16 0 152 132 83 3 08 1 48 

NaUr 4 40 0 299 0 305 236 61 6 3 07 1 78 

( hF, 16 7 0 274 0 206 499 26 02 3 18 1 64 

toS, 36 8 0 118 0 291 682 40 5 01 1 75 

MdO 29 9 0 286 0 63 916 20 16 1 64 2 08 

/nb 9 43 0 601 0 46 326 18 72 4 06 1 71 

V\i 18 6 073 0 44 142 63 57 8 94 1 59 

Ag 12 0 0 75 0 37 212 107 9 10 6 1 55 

All 19 0 0 84 0 211 158 197 2 19 12 1 22 

A1 10 8 0 69 0 29 398 27 1 2 6 1 67 

Fo 23 6 0 696 0 481 461 66 84 7 80 1 80 

Li 1 61 0 778 0 808 164 6 94 0 53 171 

^Ja 0 972 0 861 O 590 143 23 0 97 1 43 

K 0 447 0 861 0 682 77 39 1 0 80 1 11 

W 61 2 0 40 0 298 384 184 19 12 1 67 

Cd 16 1 — -- 305 112 4 7 0 1 48 

Zn 12 1 - — 189 66 38 8 7 1 31 

Mg 6 18 — — 360 24 32 1 76 1 76 

Hg 3 6 - — 68 6 200 6 14 19 1 14 

* c^ii w given 111 units of 10" d\nps/cin * The majority of the elastic constants are 
taken from Landolt Boriistein, “ Ph j sikalisch Chemische Tabollcn” A few are from 
recent papers Those for Li, Na and K are theoretical clastic constants calculated by 
Fuchs (19366) as are also the Op values (1936a) Op for NaBr, KBr and K J as well 
as that for Mg wore calculated by the author as none of those could be found m the 
hterature 
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constant frequency when scale factors are removed We can write Ojj in 
the form* 

do = 0'c^^m-^(T-^hjk ( 20 ) 

We can now think of O' as a surface in a space m which are 

variables This suiface will be bounded by the hnes Cw/fii = 1 C4, = 0, 
2 Ci2/Cji + 4C44/C11 = - 1 , for which 6 ' = 0 It is in general difficult to calculate 
O' values but there are cases for which this tan be done without much 
trouble, e g the isotropic case f Furthermore we can utilize the available 
data on Oj, values from elastu data A number of these lia\ e been calculated 
by different investigators for various substances One can reduce these by 
means of (20) to the O' values It should be cmphasi/ed that the accuracy 
of the determination of the elastic constants does not enter into the discus- 
sion, we are concerned solely with the calculation of the 0 ^, value ftom a 
given set of data A comparison of the results obtained by different investi 
gators (using difleient methods) shows a variation of several pci cent so 
that the O' values may be incoirect by 0 03 or so These O' values have liecn 
jilotted for other ])urposes in hg 4 

The investigation of the O' surface shows that there is initiallj' a sharp 
rise from the value zero till a value of about unity is reached after which 
there is a slow increase The limiting value for large values of Cj^/c ^ 
depends very much on the direction from which it is aiqiroached, it maj be 
zero (along the cntical lines) a constant (in the isotropic c ase) or infinite 
5 — The distribution of crystals in fig 4 shows an interesting legularity 
namely the tendency of crystals of a particular type to gioup together 
The metals occupy the toj) section, the salts the lower left hand section If 
we clevide the region 0<Ci2/c’,i < I, 1 into four blocks by means 

of the lines Cjg/Cn = 05,044/0,1 — 0 5 then wo can put the polar c ry stals into 
the region I (0 < Ou/Oji < 0 5, 0 < 044/0,1 < 0 5), the face-centred metals into 
region II (0 5 < Cig/On <!,()< O44/0,, < 0 5), the body-c c ntred metals into 
region III (0 5 < 0,2/0, , < 1 , 0 'i < O44/0,, < 1 ), while region IV (0 5 < 0,2/0,, < ] 

0 < 1^44/0,1 < 0 5) IS bare This classification applies actually only to the 
majority of cases, there are exceptions which encroach into adjoining 
regions 

A more important point from our standpoint is the c loseness of ajiproach 
• In this form 0 ' is not nn mvariiiiit as it would bo if we chose the c oinpressibility 
instead of l/c„, but as it is usual to express tho elastic constants in tho above form 
this does not appear to bo a disadvantage 

•f Other cases are those where the condition for isotropy aro nearlv fulfilled, then 
one can use the formulae developed by Bom and v KArm&n (1913) Further, when 
c„=: — C44 tho equations of motion have a particularly simple form and the O' value 
is easily found 
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of the vanous crystals to the critical regions It would be difficult to obtain 
an exact cri tenon for this, but some idea might be obtained by considermg 
the 0’ value It gives some measure of the approach because the density of 
normal vibrations must become large when the elastic constants are near 
the critical values and hence the d' value small, it being zero in the limiting 


WCii- 



Fio 4— Diagiam of Cu/Cn against c,,/c„ for the regular crystals Two of the critical 
lines arc shown, Ci,/Cn = I, and <’ 44/014 = 0 The third lies off the figure Each point 
19 labelled with the corresponding 6' value The dotted luie is a rough representation 
of part of the curve O' = i 51 

If we examine fig 4 from this point ot view we see that the lower hmit of 
O' 18 independent of the particular structure, eg KJ (1 48), Au (1 22), 
K (1 33) The case of the alkah metals is interestmg because it has been 
suggested that these are somewhat exceptional in their elastic behaviour 
and spet lal features of the specific heat* were attributed to this cause This 

* See Fuchs ( 19366 ), also Mott and Jones ( 1936 ) The value of hthiuin shows a 
variation of about 30 % It is pui^^ling to know why sodium and potassium should 
also be considered exceptional in tins respect ns the Off values are practicallv con 
stant as far as they have been meosuied (Simon and Zeidler 1926 ) and this over a 
range of OdI'T for which lithium shows a 0^ variation of 12 % 
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was obtained by studying the ratio 2044/(0^ — Cjj) (the “anisotropy ratio ” as 
it 18 termed) which is large for the alkali metals (about 8 ) on account of the 
smallness of c,i — The face centred metals give a value for this ratio of 
about 4 ft one were to adopt this ratio as another c nterion of the approai h 
to the critical region, it would have the value c» for and 0 when 

C44 = 0 If one considers substances for which is small one finds, e g , for 
KCl a value 0 4 It would seem difficult to compare su' h values with those 
for the alkali metals but none appear to bo particularly close to the limiting 
values 

It will bo seen that the points he in a comparatively narrow range of O' 
values compared with the corresponding range 0(0^, these being 1 22-2 08 
and 90-900 respectively, furthermore a large number are grouped about 
the value &' = 1 57 One can construct the cuive = I 57 over part of the 
range — it is the dotted cuive in fig 4 One notices that it runs parallel to 
the axes over small regions for which 0 ' is independent of Cij/fi, or of 

^ i 

Although none of the known ciystals are near enough to the ciitical 
regions for any of them to bo regarded as exceptional, it is quite likely that 
the vibrational siiectrum of those wIik h he nearest the critical lines shows 
the approach to the critical region even if the specific heat does not The 
sjiecific heat is controlled by large fiortions of the sjiectrum simultaneously, 
and not by any jiarticular region except at low temperatures The approach 
w'ould show itself in a flattening out of the spectrum 111 case I os the density 
must eventually become constant, in case II the density curve would tend 
to approach a line p{v) = ai> at the low frequency end As an example of a 
lattice approaching case I, we can take that of a Born-v K&rm 4 n lattice 
the spectrum for which has recently been worked out (Blackman 1937) 
Here we are rather nearer the critical line than for actual crystals 
(Ci^/Cji = 0 10, C44/C11 = 0 10 ) but the difference is not very gi-eat The 
flattemng out of the sjiectium is very apparent (as shown by fig 2 in the 
paper quoted) though wo must allow for the fact that the lattice chosen is a 
very favourable one going over into the one dimensional case directly when 
the force constants are suitably chosen This feature of the siiectrum is all 
the more interesting because the specific heat curve for the lattice shows 
httle evidence of this ono-dimensional charactei The initial value of Ojj 
18 httle lower than the high temperature value (see fig 4 in the paiier quoted) 
for instance, nor are there any features of theOp-T curve which one could 
attnbute to the one-dimensional character of the spectrum We see therefore 
that substances like KCl or sodium may show a one-dimensional or two- 
chmensional effect in the spectrum even if the specific heat is qmte normal 
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6 — In tlie previous section we have discussed the projierties of substances 
with regular symmetry Tlie only other case where some information is 
available is the hexagonal, the data for which has been given in Table II 
It will be seen that the O' values are of the same order as the majority of the 
regulai c i y stals It has also been shown in § 3 that the anomahes for the 
hexagonal case aie ot exactly the same type too One would therefore not 
expect anything new from a discussion of the O' values for the hexagonal 
crystals Tins [loint is woith emjihosis One might think that the fart that 
the forces in tlic dircctioti ot the mam axis are sometimes different to those 
at rigfit angles to it (as indicated by the smallness ot Cjj compared with 
111 the ( ase oi cadmium and zinc) shows that these substances cannot bo put 
in the same class as the icgular crystals, tins is however erroneous Tlie 
smallness of indicate s an apjiioac h to the condition III (see Table I) and 
IS hence analogous to the approach to the relation Cji = Cjj, C44 = 0 in the 
case of legulai crystals 

One would expect the s|)C( ihc heat c iirves for tlie hexagonal crystals to 
be ot the same type as those of the other metals Actually zinc and cadmium 
show a 1 atlier large \ anation mUjj, but this is not larger than that of lithium, 
while magnesium has a Oj^-T curve using with teinjieratiire which can be 
matched by the case of tungsten 

I should like to express my thanks to Professor R H Fowler and to 
Dr R Peierls for their interest I am indebted to the Department of Scien- 
tific and Industrial Research tor a ‘Senior Research Award” winch has 
made the above woik possdilo 


Summary 

Tlie equation of motion ot an elastic continuum is niYestigated, and it is 
shown that the continuum becomes unstable when the elastic constants 
obey ceitain lelations The xibiational sjiectrum ot lattices for which these 
relations hold is shown to undeigo a c haractenstic change, the density of 
nomal xibrations going over into the one-dimensional or into the two- 
dimensional form The sigmficance ot this is considered from the pomt of 
view of the sjiecihc heat and the vibrational spectrum ot actual crystals, 
it 18 found that no actual crystals are near enough to the cntical regions for 
the effect ot the ajjproach to be apparent in the sjiecitic heat, but in some 
cases this should be noticeable in the vibrational sjiectrum 
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Ciystal Growth fioin Solutions 
By W F BtBG, PhD (Berlin), Pii D (Manchester) 
{Communicated by U" L Bragg, F R S — Received 21 August 1937) 
IPlato 2] 

Introduction 

The puipose of the piesent paper is to provide an experimental contri- 
bution towajds the knowledge of the mechanism of crystal growth from 
solutions 

Certam details about the methamsm of crystal growth have been studied 
in the case of one component systems, 1 e crystals growmg from the melt 
or from the vapour Very little is known about crystal growth from 
solutions Yet, although the one component system is the simpler one, 
B|iecial interest is attached to the two-f omponent system, because of its 
technical apphcations In chemical mdiistry crystals are grown from 
solutions on a big scale A closer knowledge of the mechanism of crystal 
growth would enable one to apply the conditions, eg Uinjierature or 
degree of supersaturation, most favourable for the process in question 
This is, as yet, done purely empirically 

The problem covers a wide field, and an attempt to answer what was 
thought to be one of the first questions to be asked will be described liclow 
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This 18 the question of the connexion between the rate of growth and the 
concentration of the solution m contact with the growing crystal face 
It will be seen that this question cannot be answered yet, mainly because 
impurities play too big a part in determining the rate of growth But the 
method applied seems to reveal certain facts about the mechanism of 
crystal growth from solutions 

The concentration in actual contact with a dissolvmg or growing crystal 
has, smce Nernst (1904, see also Brunimer 1904), always been thought of 
as being the saturation concentration The rate of growth was then 
supposed to be proportional to the degree of supersaturation Several 
investigators have tried to prove these ideas experimentally Their method 
generally consisted of putting a known amount of seed crystals mto a 
solution of known supersaturation and of separatmg the crystals from the 
solution after a certain tune and of analysing it The solution was kept m 
rapid motion, and it was hoped to get solution of the measured con- 
centration right up to the crystal faces, so that the concentration gradient 
became very big and diffusion pi oc esses could be neglected It seems very 
difficult to judge whether this has been achieved or not It is still possible 
that m these experiments the rate of growth was mamly governed by the 
rate of diffusion through a thin stagnant film of solution adhermg to the 
crystal surface The results of the different papers are not m agreement 
The rate of dissolution was found by Noyes and Whitney (1897) to be 
proportional to the degree of unsaturation Marc (1905, 19080) found the 
rate of growth to be jirojiortional to the square of the supersaturation 
His results were not confirmed completely by later investigators (Le Blanc 
and Schmandt 1911, 1913, see also Jenkins (1925) and Roller (1932)) 
Expermients on the influence of dyes on crystal growth led Marc (19086, 
1910, 1911a) to assume the existence of an adsorbed layer on the surface 
of a crystal in contact with its solution This layer forms an intermediate 
state between the liquid and the solid Molecules go into this layer and 
stay there until the conchtioiis become favourable for them to freeze into 
the lattice Dye molecules are adsorbed by the crystal, thereby changing 
the rate of growth of the particular faces adsorbing them and thus changmg 
the habit of the crystal 

Experiments by Volmer (1932) performed, however, on crystals growmg 
from the vapour or from the melt, demonstrated the existence of such an 
adsorbed layer and its importance for the mechanism of crystal growth 
It was shown that the molecules in the adsorbed layer have a much higher 
mobility than m the melt 

It appears that many questions concemmg crystal growrth need clearmg 
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up, especially m view of the existing discrepancies CJomplete changes in 
the method of attack and exjienments on smgle crystals seem to be called 
for, smce diffusion effects have to be elumnated or taken into account 


Method 

A method in which the concentration can be measured everywhere m 
the neighbourhood of a growing or dissolving crystal has been suggested 
to the writer by Mr T R Scott, of I C I (Alkali), Ltd , Winmngton In 
this the problem is first reduced to a two-dimensional one, by placmg a 
thin prismatic crystal of rectangular cross section between two horizontal 
glass plates, which stoji growth m the third dimension Secondly, con- 
vection currents are eliminated by domg the exjienments on a microscopic 
scale Thus the transport of molecules is purely a two dimensional diffusion 
process Thirdly, the two glass plates, formmg a slight wedge, are half- 
silvereii and illuminated with semi-parallel monochromatic hght, thus 
producing a system of interference fringes These iriiiges are straight if 
the wedge is optically fierfect and if the refractive mdex of the matter in 
the wedge is constant They are curved if the refractive index changes 
from place to place and thus provide a simple means of measunng the 
refractive index The refractive index will vary if a growing crystal takes 
molecules from the surrounding liquid Smce top and bottom of the 
crystal touch the glass plates, symmetry i onsiderations show that the 
diffusion process will be identical in layers parallel to the plates Thus the 
concentration distnbution can be measured right up to the crystal face, 
if the refractive mdex is known in terms of the com entration Measure- 
ments by Miers and Isaac (1906) give the necessary figures for sodium 
chlorate the refractive index vanes linearly with the concentration 
Sodium chlorate was chosen for the following exiienments, because it 
crystallizes m rectangular pnsms, and is a cubic crystal Supersaturated 
solutions of it are also easily obtamed 

Apparatus 

The apparatus consisted essentially of a photomicrographic outfit There 
are, however, details which seem worth mentionmg (fig 1) 

A “Patna” microscope by Watson was used, which had a specially made 
short and wide body tube, to avoid cutting down the field of view Micro- 
scope, camera, and source of light were all mounted on the cylindncal bed 
of a 4 m Drummond lathe This lathe proved extremely convenient for 
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optical purposes The lens used for photographing was a, F 35 Ross 
Xpress of 6 cm focal length No eyepiece was used for photographmg 
It appeared desirable to photograph a system of fiducial marks at the 
same time as the growing crystal and its surrounding frmge system This 
would facilitate comparison of different plates and would also give at once 
the magnification For this purpose a luminous graticule was used, which 
was obtamed by contact pnnting from an eyepiece micrometer graticule 



Fio 1 — Shows tfie apparatus for photographmg the growing crystals and the 
surrounding interferenco system A is the mercury arc, Co a condenser, F a biter, 
M an) the two half silvered mirrors with the crystal Cr and the solution So between 
them L is a pea lamp, Co another condenser, G the graticule with light Imos on a 
<lark ground D-F is the double prism acting as transparent mirror O the object 
glass, P a right-anglo prism and Ca the camera 

A shghtly silvered mirror was hxed underneath the objective so that the 
object and the graticule could be seen at the same time The mirror 
consisted of two right-angle prisms, one of which was shghtly silvered, 
stuck together with Canada balsam The graticule was fixed m front of 
a small condenser and a pea lamp, and the whole system could be moved 
towards the mirror to focus it at the same time as the object 

The lUummation for the interference phenomenon was provided by a 
small mercury arc takmg 0 26-0 4 amp The light was made monochromatic 
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by the use of filters The actual arc burned ui a capillary which was so 
narrow that a symmetrical achromatic condenser made a beam of light 
sufficiently parallel to produce sharp interference fringes 

Photographs were taken on Ilford Hypersensitive Panchromatic plates, 
because of their high speed for the mercury green line A = 6461 A For 
visual observations when adjusting the apparatus this hne was the 
brightest and moat convenient one Exposure times ranged from 2 to 
30 sec , applying a magnification of about 10 linear 

The good quahty of the interferometer jilates and their silvering was 
essential to success The plates were 1 by 3 in and J in thick, worked by 
Bellingham and Stanley “correct to J wave-length” The silvering was 
done by cathode sputteiing (Tolansky and Lee 1936) 

Experiments 

The actual exjieriment consisted in placmg one seed crystal m a drop 
of supersaturated solution between the two optical flats and taking a 
senes of photographs of the crystal and the interference system at known 
times 

Flat rectangular seed crystals about 1 mm square and 0 1 mm thick 
wore obtained by slowly evaporating a droj* of sodium chlorate solution 
on a piece of glass plate The degree of suiiersaturation of the solution 
was obtained by weighing The crystalline material was supplied by the 
British Drug Houses as having the following analysis 

Chloride 0 02 % 

Sulphate Nil 

Calcium Nil 

AsjOj 0 8 part per million 

Heavy metals, etc Extremely faint trace 

The mam difficulty in the experiments was to avoid the formation of 
unwanted nuclei To stop this several precautions wore applied The 
material was reorystalhzed twice, always discarding the first and the last 
portion It was hoped that physical impurities would thus be removed 
All the water used was distilled water and was filtered through filter 
crucibles before being used Ordinary filter paper caused trouble by givmg 
off fluff 

Despite all these precautions it was extremely difficult to conduct an 
experiment so that the seed crystal was the only one present After many 
trials it was found that these unwanted crystals came from the surface 
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of the seed crystal It appears that when the solution round the growing 
crystal dries up on preparation of the seed crystal, the material of the last 
drop does not freeze into the structure of the crystal, but forms many very 
small ( rystals on top One might perhaps get over this by making evapora- 
tion extremely slow Another procedure was apphed here It consisted m 
washing the seed crystal just before it was used in a drop of veiy shghtly 
unsaturated solution The wet crystal was then transferred to one of the 
mirrors, the unsaturated solution soaked away with a piece of filter paper, 
the supersaturated solution applied with a small pipette and the whole 
covered with the second mirror The utmost speed was necessary, otherwise 
more nuclei were formed 

The obvious disadvantage of getting rid of unwanted nnclei in this way 
IS that the degree of supersaturation of the hquid surrounding the crystal 
at the stait of the experiment is unknown, since it is not the same as the 
suporsaturation of the solution one ajiplies Some of the iinsaturated 
solution may still stick to the crystal and mix with the supersaturated 
liquid It will be seen below how this difficulty was overcome by measuring 
the refractive index far away from the crystal 

Although few precautions were taken the room temperature during the 
experiments only changed a few tenths of a degree centigrade The room 
temperature was measured each time a photograph was taken 

When the seed crystal with its surrounding supersaturated solution had 
been placed between the two mirrors, the whole arrangement was trans- 
terred to the microscojie stage and observed, usmg monochromatic light 
The illumination was adjusted till the fringes were sufficiently sharp, and 
when it was ascertained that no unwanted crystals were present the 
eyepiece used for visual observations was taken out and fringe system and 
graticule focused on the screen of the camera The first photograph was 
usually taken 3-4 nun after the experiment was begun This and the last 
photograph always included the boundary of the drop Frmges appeared 
in the solution and in the neighbouring air, and by counting them over 
a distance the ratio of the refractive index of air and of the solution could 
be obtained This is a simple means of measuring the absolute value of the 
concentration far away from the crystal, which had to be done, because 
owing to the method used the degree of supersaturation was not known 
at the start and would most certainly change dunng the expenraent The 
other photographs, six or eight in the course of 1 or 2 hr , were taken at 
different measured intervals with the crystal in the centre of the photo- 
graphs 

The thickness of the wedge was found by measunng the thickness of the 
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crystal after the experiment This was done by removmg the top mirror, 
drying the crystal superficially and focusing on the top and bottom of the 
crystal, using high magnification and the fine adjustment of the micro- 
scope By comparing the photographs taken at different times it could be 
ascertained whether the thickness of the wedge had changed, i e whether 
the crystal had grown in the third dunension, and if so by how much The 
fringes will move twice the number of fringe distances as the thickness 
changes m wave-lengths, thus providing a rather sensitive test No 
appreciable change in thickness of the wedge was ever found 


Evaluation of the photographs and soubgfs of error 

Fig 2 (plate 2) shows typical evamiiles of the photographs obtained The 
curvature of the fringes as they apjiroac h the crystal is clearly visible 
The shift of the fringes is now to be evaluated in terms of changes in 
refractive index and concentration The optical path difference between a 
ray going straight through the wedge and one reflected once at the upper 
and once at the lower mirror is and this has to ecjual NX for a bright 
fringe 

2/V = NA (1) 

If the fringe system is displaced by n fringe distances because /if, has 
changed to we have 

2//id = {A -f-n)A (2) 

and thus //„—//,-=— aA/2d, (3) 

where /Co=tho refractive of the supersaturated solution 
at a distance from the crystal, 

//, = the changed refractive index, 
d — the thickness of the wedge, 

N — an integer, 

A = the wave-length of the light 

A IS known and d is obtained experimentally Thus, to obtain the con- 
centration at any point on a frmge, it is only necessary to determme the 
chsplacement of the frmge at that point from the straight Ime formed 
when no crystal is present If only relative concentrations are wanted, as, 
for example, if only the concentration gradient distribution is mteresting, 
It 18 sufficient to measure and discuss the fringe displacement only without 
knowing the absolute value of the refractive index and of the concentration 
The concentration grachent can also be obtained more directly than by 
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measuring the concentration distribution One has only to measure the 
angle between the tangent to a deviated fringe at the required pomt and 
the original straight line, and the distance of the fnnge from its neighbours 
Since this method will lie applied most frequently close to a crystal 
boundary it is more convenient to measure the spacing of the fnnges along 
the crystal surface and the angles between the crystal and the fnnges 
(see hg 3) Let 

= x-coordinate of the iVth fringe, 
a = a constant, 

/i = spacing of the fringes in the a- dircction (undoviated), 
y = tan of the angle a between the z-axis and the undeviated fnnges 



I<ia 3 — Illustratos tho calculation of the normal concentration gradient from the 
curvature and tho diatanco of tho fringes Tho crystal Cr and two fringes N and 
JV+ 1 are drawn, whose distance (undeviated) measured jiarallel to the x axis is h 
If tho fringes were not deviated they would make the angle a with tho z axis 

We can then derive a formula for the component of the concentration 
normal to the crystal face dc/dz This component is of greatest interest, 
since it will bo shown below that it is proportional to the current of 
molecules going into the crystal We find 

^ = ^ (41 

dz a a\dz/e_o(^w-*v-i)c-o ^ 

Thus we have to measure the inclmation of the fnnges with respect to the 
crystal face and the firmge distance ^v~®v-i> the distance of 
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the undeviated fringes b which can be obtained far away firom the crystal, 
where the concentration is still the original one The distribution of dcjdz 
IS then known apart from an unknown constant a This method will not 
be used for quantitative results, since the accurate measurement of the 
angle is rather difficult, but it enables one to judge at a glance how the 
concentration gradients are distributed 

The measunng up of the diagrams was done in tw o ways At hrst the 
diagram was brought mto contact with a graticule of twenty one horizontal 
“hnos” and twenty -one vertical “columns”, the lines bemg made to run 
parallel to the undeviated fringes far away from the crystal (see fig 2) 
The positions of the fringes with respect to this graticule were measured 
by means of a microscope and an eyepiece micrometer scale Later on 
more accurate measurements were done by means of a two-dimensional 
comparator The eyepiece of the microscope of the comparator contained 
two parallel Imes of vanable distance, and m measuring the fringe was 
“caught” between those two lines This procedure increased the accuracy 
appreciably, but produced no qualitative changes from the earlier method 
in the results given below 



Fio 4 — Gives an example of tho concentration distribution along a "line” Eaoh 
pomt represents the position of a fringe against which is plotted the deviation of 
this fringe from straight line configuration 

The deviations of the fringes, i e the difference between their position 
and the straight-lme configuration as determined far away from the crystal, 
where the fringes were not yet shifted, was plotted against the position of 
the fringes along the lines Fig 4 shows a typical example The positions 
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of the fringes were also measured along the crystal surface (fig 6) 
Obviously the latter values are of special mterest 

Relative concentration diagrams were obtamed from these curves in 
the following way Those coordinates on a certain line were found, where 
the deviation had certain arbitrarily faxed values, the difference between 
these values being constant Thus, for example, the coordinates may be 
found, where the deviation is 1, 2, 3, etc , frmge distances The coordmates 
obtained in that way were plotted on a graph, which was a reproduction 
of the graticule with its twenty-one lines and twenty-one columns, and 



Position on crystal surface 

hii. ’) — hliows tlie coiu wit ration (fwtnbution in arbitrary units (fiinge deviations 
of tho solution in contact with tho four faces of a crystal 


With the crystal drawn m m its proper position Thus a system of points 
of constant concentration was obtained and lines of constant concentration 
could be drawn through these points There were, however, places in the 
diagram wheie the pomts were too far apart to draw curves through them 
with any certamty, namely, where the lines of constant concentration run 
parallel to the lines of the giaticulo To hll up such gaps the concentration 
distributions along the columns were wanted Those were obtained by 
taking the concentration values for a certain column from the curves for 
the various hnes 

III the fanal concentration diagram the different sorts of points were 
marked in a different way, because they carry a different weight Tho 
points on columns (•) are obtamed by a twice-repeated smoothing out 
process (drawing a curve through points) and therefore carry the biggest 
w eight, assuming that there are no systematic errors Points on Imes are 
subject to only one such process (o ) Pomts on tho crystal surface ( ) carry 
even less weight, because each of them was measured separately and is 
therefore subject to the error attached to a single measurement 
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The accoraoy of these concentration diagrams is not as high as is 
desirable This is niamly due to the fact that the flats used were only 
accurate to J of a wave-length Much trouble was caused by this fact, 
particularly in one case, where an inexphcable distortion of the fringe 
system was finally traced back to the existence of a pit in one of the flats 
As soon as the crystal had grown across the pit and the fnnges were m 
a different part of the wedge the distortion disappe ired It would have 
been quite impossible to obtain any results at all if the accuracy of the 
flats over the small areas used had not been actually much lugher The 
necessity of using the highest grade flats obtainable for any future experi- 
ments IS emphasi/ed by the fact that the accuracy of measuring the 
position of a fringe may under favourable conditions be as high as jV of 
a fringe distance, le changes in the wedge thickness of jJo of a wave- 
length would be detectable 

Systematic errors may arise from the heat of crystallization The 
boundary of a growing crystal is a source of heat Any local change m 
temperature would chstort our fringe system It can be shown by simple 
calculations, however, that m our case the rise m temperature on the 
crystal boundary will be between 10-* and 10 -*°C only 

Other errors may anse from the heat from the illummant being absorbed 
by the crystal and its surroundings, resulting in a distortion of the fringes 
As a check ex|)eriment a crystal was put into saturated solution, and it was 
found that the fringes showed hardly any obseivable curvature What 
little shift there was was explained by evaporation from the boundaries 
of the drop, and the shift was the same all over the crystal, a point which 
will be important later on 

It seems justified to treat our concentration diagrams as if there were 
no systematic errors 


Disc ussion ok the results 

Fig 6 shows a typical example of the concentration diagrams obtained 
We are now in a position to discuss our origmal question of how the 
rate of growth depends on the degree ol supersaturation m contact with 
the crystal surface It becomes clear at once by looking at the diagram 
fig 6 and at fig 6 that the question put forward m this simple w ay has no 
meamng, because the concentration in contact with the crystal vanes from 
place to place This has been found to be always the case and is of great 
importance m view of the older suggestion that a layer of defimte concen- 
tration surrounds the whole crystal (Nemst 1904) The concentration was 
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always found to be greater near the comers of the crystal than at the 
( ontres of its faces Thus it seems a more appropriate question to ask how 
the rate of growth depends on the maximum, or minimum, or average, 
concentration in contact with the crystal face But even such a question 
18, for experimental reasons, extremely difficult to answer An example 
may illustrate this 

It has occasionally been found that two opposite, i e in our case 



Fig 6 — Shows a typical concentration distribution round a growing crystal The 
circles are points on “linos” (O), the large dots points on “columns” {•), the small 
dot8( ) points measured on the crystal surface “Lmes”runhonzontally, “columns” 
vertically m the diagram Lines of flow are drawn in the lower part of the diagram 
Note that the spacing of the Imes of flow and of the lines of constant concentration 
IS practically the same near the comers as at the centres of the faces The photograph 
from which this diagram was obtamed is shown in fig 2a 




Crystal Growth from Solutions 91 

geometncally and crystallographically equal, faces of the same crystal, 
which were m contact with solution of the same degiee of supersaturation 
at the start, grew at different rates For this very reason the slower 
growmg face was after a time in contact with more highly supersaturated 
solution than the other one Small crystallization velocity means higher 
concentration on the crystal surface under otherwise similar conditions 
The explanation is that the crystallization velocity is influenced by minute 
traces of impurities Hence consistent results have not yet been obtained 
and it will not be easy to obtain them 

More interesting results were obtamed when the diffusion gradients at 
different parts of the same crystal fa( e were t ompared In this connexion 
it was interesting to note that in our experiments stationary conditions 
were reached almost at once Only dunng the first moments after the 
experiment had been started was there any appreciable movement of the 
fringes The graticule photographed on each plate proved very useful here 
Two successive photographs could bo laid on top of each other, the 
graticules registering, and the shift of the fringes observed If such a shift 
had occurred at all it was slight compared with the deviation of the 
fringes from the straight-line configuration Exceptions were cases where 
the boundary of the drop of supersaturated solution was quite unsym- 
metncal with resjiect to the seed crystal Then the solution on the one side 
lost its supersaturation much quicker than on the other side, and the 
fringes moved accordingly It is self evident that there will be a slight 
contmuous shiftmg of the fringes all the tune, since the dimensions of the 
drop are finite and the supply of molecules is therefore limited The fact 
that stationary i oncbtions prevail makes it quite simple to work out from 
our concentration diagrams the currents of molecules diffusing towards 
the crystal A two-dimensional diffusion equation 


dc_ 

dt" 


-DV^c 


( 5 ) 


holds for the general case, but this is reduced to 

V*c = 0 (8) 

for our stationary conditions The flow of molecules j is given by the 
equation 

j=-D grade (7) 

The diffusion coefficient for sodium chlorate has not yet been determmed, 
but it can in pnnciple be found from any set of concentration diagrams 
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For the results described below the knowledge of the diffusion coefficient 
18 not necessary 

The fact that stationary conditions can be assumed provides us with 
an easy means of checking the validity of the diffusion equation m our 
ease, ensunng that no systematic errors fake our results According to 
equation (0) the lines of flow and the lines of equal concentration are 
perjK ntUcular to each other, and the spacing of the lines of flow is pro- 
portional to the spacing of the lines of equal concentration The density 
of the lines of flow gives the flow yier unit area 

These relations can, of course, only be verifaed graphically, since the 
equation cannot be solved analytically except for a few special boundary 
c onditions To prove tlie relations lines of flow were constructed as mdicated 
above They were found to run peryiendicular to the lines of equal con- 
centration fairly satisfactorily if their spacing was made proportional to 
the symcing of the linos of equal concentration The lines of flow m fig 6 
were obtamod in this way The accuracy with which this law was fulfilled 
gave little reason to doubt the validity of the diffusion equation for our 
case or of the concentration measured in the way described Any deviations 
from the law were not of a systematic nature Sometimes the Imes of flow 
were a little too close, sometimes a little too far apart, which was explamed 
by imperfections of the wedge It seems thus justified to work out the 
flow of molecules from the concentration diagrams by appl3ang the 
diffusion equation But this result means more It should be possible to 
construct the whole concentration diagram from the knowledge of the 
position of two neighbouring Imes of constant concentration Although 
one would never push it thus far this conclusion is certamly a great help 
in evaluating concentration diagrams, if due to local imperfections the 
diffusion equation does not seem to hold over the whole diagram 

We can now proceed to work out the current distribution over the 
crystal faces A crystal face has generally the same rate of growth all over, 
as IS evident from the fact that it remams plane, and only such faces were 
considered This supposition is easily venfied by inspecting the different 
photogiaphs taken It will be interesting to see whether the current of 
molecules flowing towards a crystal face is the same all over or not If the 
flow of molecules jier unit area of the crystal is the same at every yxiint 
one would say that the molecules are taken out of the solution by the 
growing crystal just where they are wanted to produce plane crystal faces 
If the flow 18 found to differ from place to place there must be another 
mechamsm to make an oven speed of growing possible 

The flow per square centimetre or, m our two-dimensional case, per unit 
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length of the crystal is the quantity to be compared , this is proportional 
to the component of the concentration gradient normal to the crystal face 
The concentration gradient is in turn mvorsely proportional to the spacmg 
of the hnes of constant concentration 

The result of such a comparison is, as is easily seen from the concen- 
tration diagram reproduced, that the component of the concentration 
gradient normal to the face does differ from place to jilace We see that 
this concentration gradient is smallest near the corners and nses to a 
maximum at the centre of a face The absolute value of the gradient itself 
does not differ much from place to place, at least not over one face, so 
that one is tempted to assume as boundary condition that the absolute 
gradient is constant Higher accuracy will be necessary to confarm this 
Since the lines of constant concentration cut the crystal at about 46” at 
the corners, the normal component of the gradient, i e the flow of molecules 
per unit area of the crystal surface, is deficient at the corners 



Flu 7 — Shows a itiiich enlargtil portion of a photograph of a ir^stal and its sur 
rounding fringes to (iemonstrato the difference in angle betwien thi' fringes and the 
crystal surface near the corni r and at tfio niiddh of the fact 

The suspicion may arise that a systematic error in the evaluation has 
caused these results But, apart from our discussion on possible errors, 
as has been shown above, there is the jKJSsibility of estimating the normal 
component of the concentration giadient from the curvature and the 
distances of the frmges, and if the results are tnie we should notice that 
the curvature and the spacing of the frmges is smaller near the comers of 
the crystal than at the centres of its faces This is indeed the case os is 
demonstrated in fig 7 
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A new mechanism has to be assumed which enables the crystal to 
produce plane faces, although the current of molecules arriving at the 
corners is smaller than at the centres of the faces The only possibihty 
seems to assume a lateral surface flow of molecules from the centre of 
a face towards the corners This current must flow m a very thin layer, 
because otherwise it would cause optical effects and would show up m 
our photographs by a shift of the fringes Tlus result has been obtamed 
on all crystals so far measured The decrease m the flow of molecules near 
the corners was found to be of the order of 26-50 % of the flow near the 
centres That means that this percentage of the molecules gomg into the 
corner of a crystal must flow part of their way m the thm layer 

We are thus led to assume the existence on crystals m contact with 
their solutions of a layer which constitutes a transition between the sohd 
and the liquid state We may call it an adsorbed layer in order to signify 
that it 18 very thin without implying that it is a monomolecular layer as 
seems to be quite often the case with adsorbed layers This adsorbed layer 
seems to be all-important for the mechanism of crystal growth Its 
existence has already been postulated by Marc (19086, 1910, i9ii<i) and 
has been demonstrated by Volmer (1932) in the case of metal crystals 
growmg from the melt or from the vapour 

There seem to be certain discrepancies in these results One would be 
inclmed to assume that the exchange of molecules between the solution 
and the adsorbed layer would be governed by laws of probabihty the 
probability that a certain number of molecules goes over m a certam direction 
per umt time should be proportional to the number of collisions, 1 e to 
the concentration of the molecules, all other factors being equal But here 
we find that more molecules go into the adsorbed layer at the centre of 
a face, where the concentration of the solution is stnaller than at the 
corners, and where the concentration in the adsorbed layer must be 
greater than at the corners to produce the requisite lateral flow If our 
interpretation of the concentration diagrams is correct the only solution 
out of this difficulty is to assume that there exists a hitherto unknown 
effect which makes the molecules m the solution and m the adsorbed layer 
react differently on the corners and at the centres of the faces Lackmg 
further experimental material no speculations will be made here as to 
the nature of this effect 

The wnter’s thanks are due to Imperial Chemical Industnes, Ltd , 
London, for a grant which made this research possible, and to Mr T C 
Swallow and Mr T R. Scott, of I C I (Alkali), Ltd , Wmnington, for 
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suggesting the problem He also wishes to express his gratitude to 
Professor W L Bragg, F R S , for his permission to work m his laboratory 
and for his helpmg advice concermng the research The writer is indebted 
to Dr J Brentano and Dr S Tolansky for experimental advice and to 
Dr R Peierls for his help m the theoretical discussions 


SUMMABV 

An optical method of measuring the concentration distribution round a 
growing crystal is described The flow of molecules at every point of the 
crystal surface can be determined The results obtained on sodium 
chlorate are 

1 — The concentration is not constant all over the crystal surface, but 
18 highest at the corners 

2 — One has to assume the existence of an adsorbed layer on the crystal 
surface, and that a lateral flow of molecules takes plac-e in this layer 

3 — There is a hitherto unexplamed effect influencing the transition of 
molecules from the solution into the different parts of the adsorbed layer 
The influx is smaller at the corners than at the centres of the faces, although 
the concentration of the solution is higher on the comers 
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Studies ot Region E of the Ionosphere 

B\ J E Bfst, Ph D , F T Farmer, Ph D anp 
J A Ratcliffp, M a 

{Cotmnunicakd by E V Appleton, F M E — Received 9 Eepternher 19^1) 

1 — Introduction 

Many investigations of Region E ot the ionosphere have been described, 
in the more detailed of which the critical-frequency techmque of Appleton 
has been used to determine the penetration frequency ot the region In the 
latest work this has generally involved continuous vanation of frequency 
and photographic recording so that the finer details of the F'-/ curve, 
relating equivalent path (P') to frequency (/), could be obtained It has 
usually hapiiened, how'ever, that these records have been obtained at con- 
siderable time intervals, such as half an hour ot an liour, so that the hner 
details of the teinjioral variations in the behaviour of the region could not 
be followed 

The present paper describes observations made in sue h a way as to exhibit 
the finer details ol the temporal vaiiations The Breit and Tiive pulse method 
was used, in < onjuriftion with a cathode-ray oscillograph employing a time- 
sweep in the usual way at the receiver The oscillograph, was, however, 
observed visually, and the observer could alter the fiequenoy of the trans- 
mitter (situated about 1 mile away) by means ot a remote control In this 
way it was possible to keep a continuous detailed watch on the temporal 
vaiiations of any particular feature of the P'-/ ( urve The observations were 
made in Cambridge during the second half of 1936 

Until very retcntly it has not been clear what should be taken as the 
cntical penetration frequency for Region E, particularly when waves are 
reflected simultaneously from Regions E and F over a considerable range ot 
frequency Appleton and his collaborators (1935, 1936) have recently 
described in detail the form of P'-/ curve obtained by photographic recordmg 
under these conditions, and a sketch of an idealized P'-/ curve constructed 
from their examples is given in fig 1, where the thickness of the hnes is 
meant to indicate the amphtudes of the reflected waves Appleton supposes 
that the frequencies marked c and c' are the true penetration frequencies for 
Region E, and that the frequency a at which the F echo is first seen as the 
frequency is increased and the frequency 6 at which the E echo is last seen, 

[ 96 ] 
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are not, m general, simply related to the penetration trequency of the 
region P'-f curves observed m the summer of 1936 were usually of the 
type shown in fig 1 , but in the winter curves of the type shown in fig 2, 
exhibiting clearly marked critical frequencies, were usually observed 


P 



Fio 1 — Idealized P' / ‘-'’'■v* for Huimiicr I 'out inuoim lino represents ordinary 
wave , dashed lino ropreseiits extraordinary wa\ e 
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Fio 2 — P’ f curve for winter Ordintuy wave 




Wlien using the visual method of observation, as explained above, for the 
purpose of repoatmg observations rapidly, it was found that in the summer 
the small changes in equivalent path, corresponding to the critical fre- 
quencies c and c', were not easily observed, and it was more natural to observe 
the frequencies a and b at which the amplitudes of the two echoes changed 
rapidly as the frequency was altered It is convenient to siieak of these two 
frequencies as “threshold frequencies” In §2 an account is given of the 
results of observations of these threshold frequencies in the summer, and 
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particularly of their variation with time On some occasions they were 
found to vary very smoothly, we call these occasions lonosphencally qmet 
and they are disc ussed in § 2a Occasions on which the threshold frequencies 
varied rapidly and irrepiulaily are called disturbed, and are discussed in § 26 
The opportunity was taken of making as many observations as possible 
durmg thunderstorms, in view of the fact that it has often been suggested 
that thunderstorms may influence Region E The summer of 1936 presented 
a very favourable opportunity for studying this question These observa- 
tions are discussed m § 4 

In the winter the visual method of observation is suited for following 
the changes of the true critical frequencies markeil /j and /j in fig 2 Ob- 
servations of these frequencies, extenchng over 24 hours, were earned out on 
a senes of winter days and from the results a mean curve for a “quiet” 
winter day was constructed This c urvo is discussed in § 3a In that section 
also the true critical frequencies observed in winter are compared with the 
threshold frociuencies observed in summer 


2 — SlTMMl'R OBSfcRV\TIONS 
a — Qmet Dai/s 

Observations show that the thieshold frequency a is usually fairly well 
marked , frequency 6 is sometimes clear-cut, and determinable with consider- 
able accuracy, but on other occasions is very vague and difficult to deter- 
mine When it is not clear-cut it is often found to be varying rapidly (large 
changes in 1 5 mm ), and the mdeteriiiinancy m the observations is not large 
compared with the changes occurring naturally m 5 or 10 mm In deter- 
mining these “threshold” frequencies there is no sudden drop of the amph- 
tude to zero, and it might be thought that the determination is very vague 
Ex|K)ricnce has shown that, by comparing the amplitude of the ec ho under 
consideration with that of one for which the amplitude is not changing 
rafiidly with frequency, it is nearly always possible to assign a “threshold” 
frequency within fairly narrow hmits Five separate observers obtamed 
eonconlant results, and if one took over the observing from another there 
was no apparent break m the tvpe of phenomenon observed 

On a few special on asions the threshold frequencies were found to behave 
extremely smoothly, and to be very clearly marked Detailed observations 
were made on these occasions, and led to results of the type showm in fig 3, 
which represents the observations of II July 1936 We have not observed 
many occasions when the threshold frequencies varied so smoothly or were 
so clearly marked as those repiesentod m this figure We suggest that under 
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conditions such as those of fig 3, the two threshold frequencies represent 
the penetration of Region E by the ordinary and the extraordinary waves 
respectively, so that for intermediate frequencies the extraordinary wave 
18 reflected from Region E and the ordinary trom Region * On this 
supposition we should not expect to observe threshold frequencies separated 
by smaller differences than those of fig 3 except in the case of very strong 
absorption, or very weak signals, when the extraordinary wave (threshold 
6) might not be clearly marked This has, m fact, been found to be the case , 
all the really well-markefl and smoothly varying threshold freipiencies have 
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Fr« 3 — Observations of 11 July 1930 Very quiot (onditions 


behaved similarly to those of hg 3, while occasionally at midday in summei 
(strong absorption) the a- and b thresholds have coincided The many 
occasions when the separation between the a- and ^-frequencies is greater 
than that shown in fig J are chscusscd separately in ^2b 

If the two threshold frequencies a and b shown in fig 3 are coincident with 
the penetration frequencies foi the ordinary and the extraordinary waves, 
then the following relation should hold between them (Appleton and Builder, 


* 933 ) 


n » 

fl i-/h/A’ 


( 1 ) 


where 


/h — 


He 

2nmc ’ 


H = earth’s magnetic field, c = electronic charge, m = electromc mass, 
c = velocity of light Taking H ~ 0443 Gauss at the level of Region E 
(Appleton 1934) and inserting the mean observed value of/^ from hg 3 into 

* Referring to fig 1, this means that the points a and c coincide, as also do the 
liointa 6 and c' 
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the nght-hand side of (1), we calculate = 145, whereas the mean 
observed value of this ratio is 148 Appleton and Builder {1933) have 
jxwnted out that the closeness of agreement between the theory and this 
type of exi)eriment means that the reflexion conditions are very accurately 
“quasi-transverse”, which in our case reqmres the colhsional frequency at 
the level of reflexion to be less than (1 5 x 10® c /sec The agreement also shows 
that the charged pai tides in Region E responsible for the deviation of the 
wave are predominantly electrons rather than ions Berkner and Wells 
(1934) have shown how to modify equation (1) to mcliide the case where 
there are an appreciable number of ions of molecular mass in addition to 
electrons Using their expression it is possible to use the mne pairs of 
obscrv ed frequencies plotted in hg 3 to deduce the magnitude of the quantity 

_ 

where Nf and are the numbers per c c of ions and electrons of mass m, 
andm^ We deduce values of r lying between + 0068and — 0061,withamean 
value of -0005 The negative value is meaningless, and is presumably due 
to exjjeriniental error, and we interpret oiu result as indicating that the 
number of 10ns of molecular mass is so small that it cannot be measured by 
this method If we take our extreme value r = 0 008 and assume 
m</We= 1840 X 32 

for molecular oxygon ions, we find A) < 4000 * It is to be noted that if 

the f^-thrcshold frequency as observed is a little greater than the true 
penetration frequency for the extraordinary wave (as it often is under 
disturbed conditions), then the deduced value of r will bo too low 

b — Disturbed Conditions 

We now turn our attention to the occasions on which the threshold 
frequencies do not vary smoothly with time we shall call these occasions 
“ chsturbed” Fig 4 show s the results of observations made under disturbed 
conditions, and should be compared with fag 3, which is characteristic of a 
very quiet jieriod f Inspection ol fig 4 reveals the followmg points, which 
are always found to characterize disturbed conditions 

(1) The difference between the threshold frequencies is often greater than 
the “ magneto-ionic” difference observed under quiet conditions 

* Wo notice that the ions inaj far outnumber the electrons, although on account 
of their greater mertia their effect on electromagnetic waves may be negligible 
t The occasional coincidence of the o and 6 frequencies m fig 4 presumably indicates 
that the extraordinary wave was strongly absorbed 
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(ii) The 6-thre8hold frequency is more vanable than the a-threshold 
(in) The 6-thre8hold frequency may increase rapidly by a factor of about 
two in a period of about ten minutes to half an hour, and usually decreases 
agam to a more or less “normal” value m a (leriod of the order of quarter of 
an hour 

There is, of course, no sharp dividing hue between the quiet conditions 
discussed in § 2a and the disturbed conditions exemjihfied m fig 4, or be- 
tween these disturbed conditions and those abnormally disturbed conditions 
which have been styled by different workers “abnormal ionization”. 



Fio 4 — Observatiom of 3 August 1936 Disturlied conditions 


“sporadic ionization” or “intense E" There is such a variety in the possible 
behaviour of Region E that it is somewhat difficult to decide to which of 
these comlitions the published work of other investigators refers We think, 
however, that most of the published work referring to “abnormal”, 
“sporadic’ , or /‘intense” loni/ation refers to conditions which are con- 
siderably more disturlied than those with which we here deal 

In discussing observations of the typo illustrated in fig 4 we hrst 
consider the observation (i)in the above list, that the sepaiation between 
the a- and ft-threshold frequencies is often greater than the magneto- 
ionic value Several workers* have suggested that this jihenomenon le- 
presents a case of paitial reflexion from a legion with a sharji boundary The 
a-threshold is then supposed to correspond to the “total reflexion' of the 
waves and is determined by the maximum value of the ionization density, 
and the 6 -threshold is supposed to be determined by the sharpness of the 

* E g Kirby and Tudson (1935), Gilliland (1935) 
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lower boundary of the region We see two objections to this hypothesis In 
the first place, in order to explain the fact that the 6-frequency vanes 
rapidly over a much wider range than the a-frequency we must assume that 
there may be great changes m the sharpness of the lower boundary of the 
layer, while changes in the maximum density of the layer are comparatively 
small Now we believe that on quiet days Region E approximates very 
closely to a simple Chapman region, with H of the order of 10 km , smce 
the absorption can bo very completely explained on this hypothesis * It can 
be shown that a Chapman region of this kind has nowhere an ionization 
gradient sufficiently sharji to produce appreciable partial reflexion Let us 
assume that Region E is like a Chapman region on qiuet days, and let us 
consider how it might be modified to give appreciable partial reflexion on 



Pio 5 — Chapman rollon with posaiblo modifications to account for observed facts 

disturbed days In fig 5, curve 1 represents the lomzation distribution m a 
Chapman region, and curves 2, 3, 4 and 6 represent possible modification of 
this distribution to give sharjier gradients of ionization Curves 4 and 6 
would not fit in with the observations recorded in fig 4, since they would 
involve a considerable change in the a-threshold frequency which depends 
on the maximum density It is probable that lomzation distributions of this 
kind are responsible for the extreme cases of disturbance known as intense 
(abnormal, or sporadic) ionization Curves 2 and 3 would fit m with the 
observations, since the maximum ionization density is unchanged It t^n, 
however, be shown that the absorption of a wave traversing a Chapman 
region occurs chiefly at the point of inflexion of the curve, and it is just at this 
pomt that the curve has been modified, a rough calculation shows that if the 
gradients in curves 2 and 3 are made great enough to give appreciable 
partial reflexion then the absorption would be very noticeably altered 
Measurements of the Region E absorption of Region F echoes during 
* See a paper m the press by Best euid Ratoliffe 
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“disturbed” periods m Region E have shown no vanations of absorption 
of the magnitude expected We conclude that it is impossible to devise a 
“sharp-boundary” distribution of lomzation which will explam simulta- 
neously the observed changes in the o- and 6-threshold frequencies and the 
absorption of echoes traversing Region E 

We would also cnticize the partial reflexion hypothesis on the ground 
that it requires the lower edge of the region to be sharp compared mth 
distances of the order of one wave-length ( 1 00 m ) This appears to us to be most 
unhkely, because an ionized region with the required gradient of ionization 
would rapidly have its gradient reiluced by the process of diffusion This 
process is discussed more fully later 

For the reasons given above we do not consider that the Sharp boundary 
theory can give a reasonable explanation of (hsturbed conditions, ive think 
a more satisfactory explanation can be given along the following lines We 
suppose that Region E, under disturbed conditions, is not uniformly 
stratified m horizontal planes, but contains irregularities of the nature of 
electronic “ clouds” These “clouds” are regions of more intense lomzation 
immersed in a region which, on the average, is like a Chapman region This 
suggestion has been made before,* and it has been shown that it would 
explam the facts of lateral deviation and of the fading of single echo pulses 
It has been piomted out that, on this picture, an lonosphencally reflected 
wave does not travel along a single ray but part of the energy is returned 
from a senes of scattering centres distiibuted over an area wluch may have 
hnear dimensions (in the hon/ontal direction) of the order of 30 km The 
scattenng centres have dimensions of the order of one wave-length ( 100 m ) 
This hypothesis would explain the observations on the “disturbed” 
Region E very simply The a-threshold frequency would represent ordinary 
waves which could just jienetrate the most feebly lomzed portion of the 
region, while the 6-thre8hold would represent the penetration of the most 
densely lomzed portion f It is at once evident that there would be no 
defimte relation between the two threshold frequencies if some clouds of 
especially dense lomzation were suddenly produced the 6-frequency would 
increase, without change in the a-ftequency, if a large number of such 
clouds were produced they w ould eventually, by diffusion, add to the general 
lomzation of the region, and would cause a (smaller) increase m the a- 
threshold frequency This would explain a curve of the form shown m fig 4 
On our picture when F and E echoes occur together the F echoes may be 

* E g Eokereley (1932). Watson Watt (1933), Ratchffe and Pawsey (1933) 

t In the absence of absorption this fi«quency would represent penetration by 
an extraordinary wave, but m presence of strong absorption by the ordinary wave 



104 J E Best, F T Farmer and J A Ratcliffe 

thought of as having gone “through the holes” in Region E, while the E 
echoes are reflected “from the opaque parts” * 

We have pointed out that the variations in the 6-threshold frequency 
occur fairly rapidly, in times of the order of 16 nun This might be due to the 
fact that electromo “clouds” were produced and dissipated m times of this 
order of magnitude, or that a “cloudy region” drifted past the observing 
point in a time of this order If we take the value deduced later {§3a) for 
the recombination coefficient in the day-time we find that a cloud having 
ionization density twice that of Region E at midday would have its density 
reduced to that of Region E in about 10 mm if all lomzmg mfluences were 
suddenly removed 

Small clouds of electrons would not disappear simply as a result of 
recombmation, but would smooth themselves out by a process of diffusion 
To find the order of the time required we consider a plane boundary having 
an ionization gradient such that the electron density drops to e~^ of its 
original value m a distance of 100 m We assume that, at a level of 120 km 
(average level of Region E) the mean free path of the lonsf is 10 cm and the 
lomc velocity is 5 x 10* cm /sec ,t and then ordinary diffusion theory shows 
that the electron gradient would decrease with a time constant of about 
10 mm This calculation is also of interest m setting a limit to the possible 
sharpness of the lower edge of Region E It shows that a region sufficiently 
sharp to reflect by the process of partial reflexion would very soon lose its 
steep gradient by a diffusion process 

It IS difficult to envisage a mechanism which might be responsible for 
the production of clouds of electrons They might be due to small groups of 
ionizing particles incident from outside the atmosphere If this is the case 
it 18 jiertment to ask why these particles produce their ionization at the 
level of the already existing (Chapman) layer, the answer may be that m the 
existing layer there are already a large number of negative molecular ions 
or of excited atoms or molecules from which the electrons are easily removed 
by the incident particles 

Experiments of the same type as those described above have shown that, 
although there are small rapid and irregular changes in Region F lomza- 
tion, their magmtude does not at all approach those observed in Region E, 
and in particular the small changes which are observed m Region F appear 

* An analogy m sound would be the double echo produced by a line of trees standing 
some distance in front of a vertical cliff face 

t The electrons cannot diffuse more rapidly than the ions if they did the resulting 
space charge would prevent further diffusion 

J These values accord with the suggestions put forward by Martyn and Pulley 
(1936)1 which we have found to be in agreement with absorption measurements 



106 


Stvdtes of Region E of the Ionosphere 

to be vmrelated to those observed in Region E In connexion with this 
observation it is important to note that on account of the larger mean free 
path and possibly greater temperature the rate of diffusion of an electron 
cloud in Region F would be considerably more rapid than that in Region E, 
so that the clouds might diffuse as rapidly as they were formed 


3 DrUENAJL VAKIATIONS 

a — Winter OhaervattoTis 

We have previously pointed out that in winter it was often iiossible to 
follow the vanations of the true cntical frequencies marked fi and /j in 
fig 2, though sometimes these were not clear and only ‘ ‘threshold’ ’ frequencies 



could be observed A senes of experiments was made on lonospherioally qmet 
days near 16 December 1936 with the purjiose of investigatmg m detail the 
diurnal vanation of the cntical frequencies 

On these days observations were made, as far as possible, dunng the whole 
24 hours, but, owing to the overlap of the critical frequencies with the 
broadcast band, it was not possible to observe dunng the penod 1630-2400 
GMT Fig 6 shows the results obtamed on 18 December 1036, and IS typical 


MAI 



106 


J E Best, F T Farmer and J. A RatohflFe 


of the behaviour on these days The triangles and dots plotted in this figure 
refer to the critical frequencies marked/iand/j in fig 2 It was not possible to 
observe these frequencies separately dunng the night hours Between 0900 
and lOOOG M T there are shown some abnormal readings representmg a 
change to the “threshold frequency” type of behaviour, after one hour the 
readings became more normal Whenever short-hved abnormahties of this 
kind were observed they were neglected in drawmg smooth curves through 
the points 

From a set of observations such as those shown in fig 6 a smooth 
curve was drawn for each separate day Fig 7 shows the kind of agree- 
ment between the different days In this figure the individual points are 



(1 M T 

Fio 7 — Points from Hinoothwl curves siiiular to tlioae of flu 0 
16 December, -t-f© 16Dec<mber, x0 17 December, A® 18 Dot ember 


taken from smoothed curves plotted for each day as in fig 6 The good 
agreement between the different days lends support to the assumption that 
these days can be used in mvestigating the behaviour of the ionosphere on 
quiet days Smooth curves have been drawn through the points in fig 7, and 
we shall take these curves to represent the average quiet day behaviour near 
16 December 

In considering the results theoretically we first take the mght-time 
portion of the curve and consider the rate of electron loss Appleton and 
Naismith (1935) have shown that at midday the loss of electrons is due to 
recombmation, and from the mght-time curves the coefficient of recombina- 
tion a can be calculated We first notice that the ionization begins to increeMe 
m the early mormng about 3 hr before sunrise This would not be expected 
on a simple theory, even when the curvature of the earth is taken into 
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account, and it is difficult to see how it could be due to diffusion of electrons 
laterally from the illuminated paurt of the atmosphere In order to calculate 
avalue for a we consider the interval from sunset to the time of the minimum 
before sunnse and find that the experimental curve can be fitted reasonably 
well with a value of a = 4 x 1 0 This is somewhat greater than the theoretical 
value for recombination of electrons and positive ions at those pressures for 
which a 18 independent of pressure Chapman (1931b) calculates a to be of the 
order 10“^® for these conditions It is of interest to note tliat if electron 

attachment is assumed so that = — fivN {fi = probability of attachment, 



Fio 8 — Comparison of theoretical curves with smoothed 
observations of critical frequency m wintt r 

V ~ collisional frequency) then, taking v = 10® per sec we find /? = 5 x 10"^® 
This value of is very different from the generally accepted value of about 
10-® (Bailey 1925) 

Turmng now to the day-time portions of the curves, we first note that the 
winter P'-f curve shows two clean-cut jumps, one from a level of about 
130 km to a level of about 1 60 km , and the other from 160 km to Region F 
(see fig 2) We first restnct ourselves to the higher critical frequency (Region 
JPj) represented by the upper curve in fig 7 Chapman (19310) has shown 
that m a simple lonosphenc region m which the ionization density (N) is 
always in equihbnum with the ionizing agency, N should be proportional to 
(oos;^)*, where x w the sun’s zemth distance, if recombmation is the cause of 
electron loss In fig 8 the dotted line represents the diurnal vanation of 
(cos x)* on 16 Deceipber, and the crosses represent the smoothed experimental 
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values from fig 7 In fig 8 the values of/* are shown, since/* is proportional 
to N, and the ordinates have been adjusted so that the valueof (cos x)^ a* 
day coincides with the observed value of /* Fig 8 illustrates the point, men- 
tioned by other workers (Kirby and Judson 1935, Appleton 1935), that the 
observed values agree fairly closely with the curve of (cos y)* dunng the period 
from sunrise to sunset If the observed pomts coincided accurately with this 
curve it would mean that there was equihbnum between the ionization 
density and the lomzing agency throughout the day It is of interest to find 
out ho w far the finite value of a would cause the lomzation to depart from the 
equilibrium value, and hence cause the lomzation curve to depart from the 
(cos;\;)* curve This involves the solution of the equation 

^{N{z,t)}^q(z,t)-cc{N{z,t)}\ (2) 

which relates the value of N at the height 2 and time t to the number 
q{z, t) of ions produced jier second at that height and time Chapman has 
given data from which q{z,t) can be calculated for a sphencal earth 
Equation (2) has been solved for us, for various values of a, by Mr M V 
Wilkes * When numencal solutions have been obtamed for a senes of given 
heights using a constant value of a it is possible to construct curves showing 
maximum ionization density as a function of time of day (the level at which 
the maximum occurs vanes, of course, throughout the day) The curves to 
which we shall now refer m fig 8, and also those m fig 1 1 , have been calculated 
111 this way, and we would like to take this opportunity of expressing our 
thanks to Mr Wilkes for the help he has given by perfonmng these 
calculations for us f 

The dashed curve of fig 8 was calculated using the value of a(4 x 10~*) 
deduced from the mght-time observations It is at once obvious that the 
fimte value of a does not cause any very large departure from the (oos;^)* 
curve, but, in view of the fact that the observational points represent the 
mean of 4 days chosen to be sjiecially quiet, we consider that they are 
sufficiently accurate to indicate better agreement with the equihbnum 
curve than with the curve for a = 4 x 10~* We therefore try the effect of a 
larger a, and the continuous curve, calculated for a = 1 2 x 10~*, shows the 

♦ The calculation was performed by moans of a “differential analyser” of the 
Bush type, kindly lent for the purpose by Professor Leonard Jones Mr Wilkes 
hopes to give an account of the method of calculation in a forthcoming paper 

t It 18 to be noted that the dotted curve of fig 8 , which represents the function 
(cos would only bo expected to be proportional to N for a plane earth, whereas 
the continuous curve and the dashed curve have been calculated by using Chapman’s 
data computed for a spherical earth 
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result This curve agrees better with the experimental points, although an 
even larger value of a, might fit better still If we confine our attention to the 
interval comprised between 1 hr after sunrise and 1 hr before sunset* it 
appears that the results agree, to the order of expenmental accuracy, with 
a value of a a httle greater than 1 2 x 10~* We have previously noticed that 
the decay of ionization during the night, in the interval between sunset and 
the early morrung minimum, can be explained if we take a = 4 x 10~*, the 
assumption of a = 1 2 x 10“* w ould require the observed decay to take place 
in a time which is only one third of the observed time We are therefore 
dnven to conclude that the day-time value of a is greater than the night- 
time value, and considerably greater than the usually accepted value for 
electrons recombimng with positive ions at low pressures ( 10“^®) 

The effect of any lagging of ionization behind the variations of the 
ionizing agency would be exjiected to be even more marked in the case of 
echpses, where the rate of change of ionization is greater than in the ordmary 
diurnal vanations Examination of the Region E curves obtained by Kirby, 
Gilhland and Judson (1936) on the occasions of the eclipses of 31 August 
1932 and 6 February 1936 shows no apparent lag, which again points to a 
very large value of a in this region 

These conclusions about a are in accord with those which we have drawn 
elsewhere from a study of the absorption of waves and also agree with the 
views recently expressed by Appleton (1937) 

Several workers have calculated the value of q (equation (2)) at the level 
of maximum lon-production (g,„), by writing for the midday (equilibrium) 
conditions = aN^, a being taken as equal to about 10 and have then 
proceeded to discuss the intensity of the ionizing radiation outside the 
atmosphere and to relate it to the radiation from the sun, considering it as 
a black body These calculations need revision in view of the large value of 
a which IS here suggested 

b — Summer Observahona 

We have already pomted out that the threshold frequencies observed m 
the summer are not necessarily the true critical frequencies for Region E 
In an attempt to relate the summer threshold frequency to the winter 
cntioal frequency, observations were made of the a-threshold frequency 
throughout an extended period on several lonosphencally qmet days in 
summer, and in wmter similar observations were made on the greater critical 
frequency (/, m fig 2) All these observations are collected in fig 9 m which 

* Ground sunrise and sunset correspond to the intersections of the dotted curve 
with the axis 



no 


J E Best, F T Farmer and J. A. Ratoliffe 


the observed value of f* is plotted against coax R is seen that the summer 
values for o-threshold frequencies agree well with the winter values for 
critical frequencies and that all show a proportionahty between f* and oos x, 
this leads us to suppose that, on the quiet days chosen, the a-threshold fre- 
quency represents the Region E critical frequency m summer In this 
connexion it is to be noted that the greater critical frequency (/,) m wmter 



a Threshold 
frequencies 


Critical 

frequencies 


Fio 9 — Observed values of cntioal frequency (during winter) and o threshold 
frequency (during sununer) compared with theoretical relation /* oc cos X The vana 
tions of X >n this figure represent partly variation throughout a given day and partly 
variation throughout the year 


18 compared with the o-threshold frequency in summer, if the smaller cntical 
frequency liad been taken the points for the 4 days near 16 December 
would have given the hne shown dotted m fig 9 
The agreement between the summer o-threshold frequency and the wmter 
cntical frequency prompts us to make a detailed investigation of the diurnal 
vanation of the summer threshold frequency Experiments were made on 
several days and mghts near 31 July, occasions which were lonosphencally 
qmte alone being investigated Pig 10 shows the results This figure is 
analogous to fig 7 for winter, the points are teiken from smoothed curves for 
each separate day, and the smooth curve is drawn to represent an average 
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for days near 31 July Fig 1 1 [analogous to fig 8 for winter] shows how the 
smoothed experimental results (crosses) compared with the calculated values 
for (cos a;)* [dotted], for a = 4 x 10~* (dashed) and for <z = 1 2 x 10“* (con- 
tmuous) It 18 first noticeable that the ilifference between the theoretical 




Pio 1 1 — Comparison between theoretical om-vos and smoothed observations 
of a threshold frequency near 3! July 1936 
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curves is not acf great as in winter, so that the experimental results cannot 
be used to discnminate between different values of a, particularly smoe the 
nature of the observations renders them less accurate than the wmter ones 
The accuracy is, however, sufficient to show that the fit with any of the 
theoretical curves is fairly close An exammation of the night decay leads 
to a = 4 X 10-* as in winter It is again noticeable that the ionization begins 
to mcrease some considerable time before ground sunrise, though the mterval 
apjiears to be a httle less than in winter 

The close agreement between the observed and calculated diurnal varia- 
tion of the threshold frequency, the agreement between the summer a- 
threshold frequency and the winter critical frequency exhibited m fig 9, and 
the agreement of the two threshold frequencies with the magneto-iomc 
theory on very quiet days, as pointed out m § 2a, aU support the suggestion 
that on quiet days the a-threshohl frequency represents the ordinary wave 
penetration frequency for Region E 

4 — Region E and meteorological phenomena 
o — Thunderstorms 

In 1932-3 one of us in collaboration with E L C White (Ratcbffe and 
White 1934 ) made an investigation of the possible effect of thunderclouds 
on Region E ionization The data were obtained from records of equivalent 
height on a fixed frequency (P'-t records), and a “disturbed” day was 
identified by the occurrence of Region E reflexions at times when they 
would not normally occur A statistical study of the results appeared to 
mdicate a correlation between the occurrence of thmiderstorms and of 
abnormal Region E reflexions 

Several other workers* have investigated the matter, but there does not 
yet seem to be any agreement between the different results Since the 
summer of 1936 was particularly rich in thunderstorms in south-east 
England the opporturaty was taken for adding to the rapidly accumulating 
data on the subject 

Observations were made on as many occasions as possible during thundery 
weather, including 6 days when a storm was actually in progress at 
Cambndge Measurements were made of the h-threshold frequency described 
above The observations descnbed in previous sections provided comparison 
data for days of a non-thundery character For the purpose of a statistical 

• A summary of work on this subject is given by Mimno (1936) and some more 
recent work is descnbed by Bhar and Syam (1937) and by Appleton, Naismith and 
Ingram (1936) 
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analyau two different numbers were used to represent the amount of 
disturbance in Region E In the first case a number 0 to 3 was attributed to 
the day according to the degree of vanabiUty of the fc-threshold frequency 
thus in the case of fig 3 the number would be 0, and of fig 4 it would be 3 
In the second case the number used was the greatest 6-threshold frequency 
occurring during any one period of observation In order to indicate the 
degree of “ thundenness ” a figure on the scale 0 to 3 was derived from the 
daily reports of the meteorological office This figure was assigned on the 
basis of the location and time of occurrence of thunderstorms reported m 
the British Isles The higher numbers were assigned to storms occurring in 
south-east England during the 8 hr interval which contained the wireless 
observations The results are collected in Table I, which represents observa- 
tions on 21 days between 1 June and 3 August and 2 days in September 
on which local thunder occurred 


Table I — 1930 

'Fhunder character figure 0 

Mean value of the highest threshold 0 6 

frequency observed 

Mean value of the variability figure 1 6 

for the threshold frequency 
Number of days in the group 7 


1 


1 2 


2 

00 
1 2 


3 

60 
1 7 


6 


Since these results do not show any correlation of the type noted m the 
1932 experiments, the recent results have also been analysed in a different 
way in order to provide a basis for direct comjianson with the fixed frequency 
data of the earlier experiments For this analysis the days of observation 
were divided according to whether the highest threshold frequency was 
greater or less than the fixed value 5 Me /sec The following figures were 
obtained (Table II) 


Table II — 1936 

Mean thunder 

Days with threshold frequency greater I 2 

than 6 Me /sec (10 days) 

Days with threshold frequency less than 1 6 

6 Mo /sec (13 days) 

All three methods of analysis appear to indicate no correlation between 
the disturbed Region E conditions and the presence of thunder Smee the 
old (1933) observations gave the opposite result it is important to re- 
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examine them, m a way as nearly as possible the same as that used for the 
1936 results 

For this re-examination some later results obtamed m the second half of 
1933 and 1934 by the P'-t recording method of 1932-3 were included m the 
data The thunder index figure was assigned as explained for 1938, and 
Region E was considered to be “disturbed” durmg the night if the b- 
threshold frequency rose above 4 Me /sec Table III shows the result of this 

Table III— 1932-4 

Nights with threstiold frequency greater 
than 4 Me /sec (77 nights) 

Niglits with threshold frequency less 
than 4 Me /sec (83 nights) 

analysis The difference between the thunder figures is not great enough to 
be considered significant, and we conclude that when the results are analysed 
m this way they do not show any correlation The difference in the results 
of this method of analysis and the older method is due partly to a stneter 
selection of thunderstorms so that more weight is given to those occumng 
in south-east England near the time of the observations, and partly to the 
mclusion of the newer data for 1934 and the second half of 1933 Taking our 
results as a whole there does not now seem to be much evidence that thunder- 
clouds can influence Region E lomzation 


Mean thunder 
figure 
0 65 

0 46 


6 — Barometric Pressure 

Martyn and Pulley ( 1936 ) have drai^n attention to an interesting correla- 
tion between the occurrence of nocturnal Region E ionization and the 
barometric pressure observed at the ground next morning Their observa- 
tions refer to Australia, and they point out that a similar correlation has 
not yet been reported from the northern hemisphere It is of mterest to 
examme the observations made duniig the 1932-4 senes of expenments in 
order to see whether there is any correlation The conditions laid down for 
the occurrence of nocturnal lomzation were that the fi-threshold frequency 
should nse above 4 Mo /sec or that the o-frequency should rise above 
2 Me /sec for a penod of more than 16 mm m each case These conditions 
are approximately the same as those used by Martyn and Pulley The 
barometnc pressure as observed m Cambndge at 9 a m on the mommg 
followmg each mght’s observations was noted, and the mean pressures for 
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the nights showing nocturnal Region E ionization and for those showing no 
such ionization are given m the following table 

Moan value 
of barometric 
pressure 

N’octiirnal E ionization 1017 8 mb 

present (131 nights) 

Nocturnal E ionization 1016 0 m b 

absent (100 nights) 

The difference of the mean is 1 8 and comparison with the standard 
deviations indicates that the difference has no significance It appears 
therefore that the conditions are not the same in England as they are in 
Austraha 

In conclusion we wish to express our thanks to Professor Appleton for 
several helpful discussions and particularly for advice in connexion with the 
presentation of the paper, to the Department of Scientific and Industrial 
Research for grants which enabled us to carry out this work, and to Messrs 
K G Buddon and K Weekes for valuable help with the observations 
Our great mdebtedness to Mr M V Wilkes, who made the calculations of § 3, 
has already been mentioned 


Standard 
deviation of 
the mean 
0 66 

0 31 


Summary 

Investigations of Region E of the ionosphere have been made using a 
Breit and Tuve pulse sender of variable frequency By using visual observa- 
tion at the receiver and a remote control of the sender it was possible to 
follow the vanations of frequencies characteristic of the ionosphere even 
when lonosphenc conditions were changing rapidly 

In the winter it was possible to observe true critical frequencies for 
Region E and a curve is given (fig 7) which represents the mean of observa- 
tions taken on “lonosphencally quiet” occasions near 16 December 1938 
From this curve it is deduced that the mght-time value of the recombmation 
coefficient is 4 x 10“*, whereas the day-time value is of the order of three 
times greater 

In the summer it was more natural to observe certain “threshold fre- 
quencies” at which the amphtudes of the Region E and Region F echoes 
underwent marked changes Reasons are given for supposing that, on lono- 
sphencally quiet days, one of these threshold frequencies approximates 
closely to the true critical frequency of Region E The diurnal variation of 
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this threshold frequency was studied for “ quiet” days Observatipns of the 
threshold frequencies on days which were lonosphencally disturbed can be 
explained on the supposition that Region E is then not uniformly stratified 
111 honzontal planes but contams “clouds” with electron density greater 
than that of their surroundings The simultaneous reflexion of waves from 
Regions E and F over a considerable range of frequencies is exphcable on 
this hypothesis The conditions hero considered are supposed to be inter- 
mediate between those which we call “quiet” and those which are cha- 
racterized by the occurrence of “abnormal”, “intense”, or “sporadic” 
Region E lomzation 

An investigation of Region E durmg thunderstorms and thundery weather 
in 1936 showed no correlation between the storms and the behaviour of the 
region 

An exammation of some data obtained between 1932 and 1934 shows no 
correlation, such as Martyn and Pulley (1936) found in Austraha, between 
the occurrence of nocturnal Region E ionization and barometne pressure 
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Electronic States 
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(Commumcakd by Str Wtlltatn Bragg, O M , P R S — Received 
22 September 1937) 

Introduction 

In a previous paper (Jahn and Teller 1937) the following theorem was 
established A configuration of a polyatomic molecule for an electronic state 
havmg orbital degeneracy cannot be stable with respect to all displacements 
of the nuclei unless in the ongmal configuration the nuclei all he on a straight 
line The proof given of this theorem took no account of the electronic spin, 
and in the present paper the justification of this is investigated An extension 
of the theorem to cover additional degeneracy arising from the spin is 
established, which shows that if the total electromc state of orbital and spin 
motion IS degenerate, then a non-lmear configuration of the molecule will be 
unstable unless the degeneracy is the special twofold one (discussed by 
Kramers 1930) which can occur only when the molecule contams an odd 
number of electrons The additional instabihty caused by thespin degeneracy 
alone, however, is shown to be very small and its effect for all practical purposes 
neghgible The possibility of spin forces stabilizing a non-lmear configura 
tion which IS unstable owing to orbital degeneracy is also mvestigated, and 
it IS shown that this is not possible except perhaps for molecules contaimng 
heavy atoms for which the spin forces are large Thus whilst a symmetnoal 
nuclear configuration in a degenerate orbital state might under exceptional 
circumstances be rendered stable by spm forces, it is not possible for the 
spm-orbit mteraction to cause instability of an orbitally stable state 


1 — General theorem for molecules ivith spin 

Just as before we must see how the symmetry of the molecular framework 
determines whether the energy of a degenerate electronic state with spin 
depends Imearly upon nuclear displacements This is again determined by 
1 117 ] 
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the existence of non -vanishing perturbation matrix elements which are 
linear m the nuclear displacements These matrix elements are mtegrals 
involving the electronic wave functions with spm and the nuclear dis- 
placements, and we deduce as before from their transformation properties 
whether for a given molecular symmetry they can be different from zero 

We will see that if the molecule contams an even number of electrons then 
the transformation properties of the integrals involving the electromc wave 
functions with spin are identical with those of the corresponding case 
involving only orbital wave functions Thus the previous theorem proven 
for orbital degeneracy holds also for spin degeneracy if there is an even 
number of electrons For an odd number of electrons with spin, however, 
the transformation properties of the integrals differ owing to the two- 
valuednesB of the spin wave functions A special investigation is needed here 
and shows that in the case of an odd number of electrons with spm electromc 
states with twofold degeneracy can exist which are stable with respect to all 
nuclear displacements This is in accordance with the results of Kramers and 
Wigner, who have shown that such twofold degeneracy cannot be spht by 
any electncal forces For electromc states which are more than, twofold 
degenerate, however, we show that there always exist non-vamshing 
matrix elements which are hnear in at least one set of non-totally symmetncal 
nuclear displacements, unless all the nuclei in the molecule lie on a straight 
hne Thus even if the degeneracy arises from the spm a non-hnear poly- 
atomic molecule cannot be stable m a degenerate electronic state, exceptmg 
this degeneracy be the special twofold one of Kramers and Wigner 

2— Mathematical formulation and group-theoretical 

CONSIDERATIONS 

The hnear matnx elements whose transformation properties we have to 
investigate are integrals of the form 

where the 0^, <j>„ are electromc wave functions with spin and the are 
functions of the electronic space co-ordmates alone (A star is used m the 
following throughout to denote the conjugate complex ) The indices p, (t 
refer to independent wave functions of the degenerate energy level and we 
denote as before the representation of the molecular symmetry group sub- 
tended by these functions by 0 The index r refers to the mdependent 
normal nuclear displacements and we denote the representation subtended 
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by the IJ by F In the oaae of orbital degeneracy the wave functions 
could be chosen real and the integrals transformed accordmg to the repre- 
sentation V[ 0 *], where [ 0 *] denotes the representation of the symraetncal 
product of 0 with itself It is our purpose to show that in the case of an even 
number of electrons with spin the mtegrals still transform according to the 
representation F[0*], whilst m the case of an odd number of electrons with 
spin they transform according to the representation V{ 0 ^), where 
denotes the representation of the antis3mimetncal product of 0 with itself 

To establish this we make use of the properties of the symmetry operation 
of time reversal which have been investigated by Wigner (1932) He showed 
that for electrons with spm this operation has different properties according 
as the number of electrons in the system is even or odd, and it is this fact which 
gives nse to the different behaviour of the integrals m the two cases We will 
further make use of the results of the fundamental work of Frobemus and 
Schur ( 1 906) on the real representations of fimte groups They investigate 
the properties of representations which leave a certain form G invariant, 
and we will show that this form 0 has the same properties as the raatnx (K) 
representing the operation of time reversal This enables us to wnte down 
almost at once the relations we need from the results of Frobemus and 
Schur 

Wigner shows that the operation K of reversing the time is a non-hnear 
operator for the wave functions, actmg as follows upon a hnear combination 
of any two wave functions ^ and ^ 

K{a<l>-\-bxlf) = a*K<l>-¥b*Kf 

He further shows that the operator K commutes with the operator if of any 
spatial rotation or reflexion (1 e symmetry operation) 

KR = RK 

Using any complete set of independent wave functions of an energy level 
the operator K can be represented by a matnx which we will denote by 
(K) Owing to the non-hneanty of K the operator K and its matnx {K) do 
not obey the same commuting rules Thus if 

and K(j)p = 

KRi>, = 

RK<f>^ = 


we have 
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from which we deduce, since KR =• RK 

or = 

le (A)ii* = /?(A) 

(There is no need to distinguish between the operator R and its corre- 
sponding matrix smce i? is a hnear operator ) 

Now Wigner shows that if the number of electrons is even then 

(а) A* = -f- 1, 

whilst if the number of electrons is odd 

(б) A* = -l 

The relation (K)R* - R{K) 

gives (A)»A*(A) = (A)A(A)*, 

from which we deduce in both oases 

R*(K) = (A) R 

or (c) R'{K) R = (A), 

where R' denotes the transposed matrix and we have R*R' = E, since R is 
unitary 

The relations (a), (6) and (c) are identical with those postulated by 
Frobenius and Schur for their invariant form O, and we can hence make use 
of thoir results directly by identifying our (A) with their 0 They show that 
in case (o) i e when (A)® = A the independent vectors subtending the 
representation (or the wave functions of the energy level) can be so chosen 
that (A ) 18 identical with the umt matrix E and the matrices R (and con- 
sequently the wave functions) can at the same time be chosen all real Thus 
in the case of an even number of electrons with spin the results are the same 
as when there is no spm present and the hnear matrix elements 

subtend the representation F[0*] «i8 desenbed in the previous paper In 
case (6), where (A)® — -E, Frobemus and Schur show that the independent 
vectors subtending the representation 0, which they show must now have 
an even number of dimensions (say 2n), can be chosen so that 
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First, {K) IS the matrix 


0 

-E 

E 

0 


where E and 0 denote the unit and zero n-dimensional matrices respectively 
We may express this by putting 

where /5 = + 1 if p is positive and = — 1 if p is negative (Positive values of p 
number the first n rows and columns of the representation, negative values 
the last n rows and columns ) 

And secondly, the matrices for the rotations or reflexions R of the 
group 

can be so chosen that 


A 

B 

-B* 

A* 


or Rt, = ^pR_„ _p 

Now from Wigner’s results we deduce that since the 1^ in his termmology 
are real (they do not mvolve the spins) we have the relation 


But from the above relations we find 

Thus the mtegrals satisfy the relation 

^^V,dT = K dr 
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This relation can be wntten in the form 

or -pj<f>-p4>„VrdT = d'j<f>*„4,^V,dT 

Introducing the abbreviation 

= ~P<f>-p 

we then have 

^^p^,Tyrdr « -j^„if>pV,dT = lj{^p^„-^„<f>p)ZdT 

Hence if we can show that the transform according to the same representa- 
tion *J> as the we can conclude that the integrals transform according to 
the representation F{0*} 

Now from the transformation formulae 

<P>lKp<f>. 

follows, since 

-Pl9R^-p<f>t 

= P^(-v)R„.p<l>*„, 

so that (^1/ = -p2(-a)R,^4>t„ 

or (-P<P*pY 

so that the = -P<P*-p do transform according to the representation 0 
One venfies then easily that 

n<P'.~K<l>'p = J^mp.Kfi-Rpi,K.){tp4>a-fc<l>p), 
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BO that the spur of the representation subtended by the products 


18 given by 




= i{xHR)-xm 


This 18 the spur of the antiaymmetncal product representation {0*} 

We have thus shown that the integrals 4^„VrdT and consequently the 
integrals transform according to the representation V {0*}, for 

an odd number of electrons with spin 


3 — Proof of oeneraj:, theorem for molecciles with spin 

We have seen that if the molecule contains an even number of electrons 
with spin the results obtained in Part 1 apply without modification Thus 
we need consider only molecules containing an odd number of electrons 
For these the electronic wave functions with spin transform accordmg to 
two-valued irreducible representations of the group of symmetry and for 
the purpose of estabhshing our theorem we hst below in Table I the two- 
valued irreducible representations of all the point groups The two-valued 

Table I — Two-valued irreducible represent a.tions of the 
POINT groups 


IP 

E R 2G(^) C, 


E R 2C{^) <r. 


2 -2 2cos| 0 


2 -2 2co8^ 0 


2i+l , 

K+i 

2 -2 2cos — ^ — <}> 0 
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Table I — {c<mt%nued) 


Ci,+1 , 

E R 2C 

E R 20 

20’- 20’-*^ 

20f 2C'’+* 

2C*» 

20*” 

2pC, 2pC; 
2per, 2p<r' 

B’l 

1 -1 -1 

(-!)» 1 

(_l)p+i 

t -t 

B' 

1 -1 -1 

(-!)» 1 

(_l)p+i 

-t t 

b; 

2 -2 -2co8&) 

( — l)»2eo8p<i> 2coh&i 

( — l)'’+‘2oo«p(<i 

0 0 


2 -2 -2co8 2<ij 

( - I)*2oog2pb) 2 co82o 

(_ l)f+i2cos2pw 

0 0 

E', 

2 —2 — 2cospw 

( - 1 ) ” 2 cosp* w 2co8p&» 

(_l)»+i2cosp*w 

0 0 


2ff 


B[ and aw conjugate complex, taken together they give 

I 2 -2 -2 2(-l)»' 2 2(-l)'>+* 0 0 | 



E R 

2C 


20* 

C” 

20”*'- 

pCt 

pC75 

C'jp,. 

E R 

20 


20* 

0” 

20”’^'- 

K. 

V< 

S'j, „ 

E R 

25 


2S* 

S” 

25»+> 

P<r, 

pCt 

Ei 

2 -2 

2co8^- 

2 C08 0} 

0 

2 2 008 - 

0 

0 

Ei 

2 -2 

2 CO 

3m 

®Y 

2 008 3m 

0 

2co«®" 

2 

0 

0 

Eiv-i 

2 -2 

2 cos 

2p-l 

2 

2oor(2jb- 1)m 

0 

„ 2p-l 

_2C08-^W 

0 

0 




E R 4C, 

4C1 40,* 40“ 00, 

E'i 

2 -2 1 

-1 -1 1 0 

E'l 

2 -2 «• 

-€ -e* e 0 

Ei 

2 -2 e 

-6* -e «* 0 
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Tablb I — {continued) 

E'^ and JEJ are conjugate complex, taken together they give 




O' 

E R 

8C, %Cl 6CJ 

12(7, 6(7. 

6r J 




Tt 

E R 

8C, 8CJ 6SJ 

12<r &S^ 

66'J 




E[ 

2 -2 

1-1 0 

0 

-V2 




K 

2 -2 

1-1 0 

0 -V2 

V2 




O' 

4 -4 

-1 10 

0 0 

0 










R 

E 

R 

12 c, 

12C’J 12C5 

12C‘ 

200, 20r« 300, 

E\ 



, I-V6 

-1-V6 1 + V6 

-1 + V<5 

* 





2 

'2 2 " 

2 



E', 

2 


, 

2 

-1+V6 1-Vfi 

“ 2 " “2 

-1-V5 

2 

1 - 

1 0 

G’ 

4 


1 1 

-1 1 

-1 

-1 

1 0 

r 

0 

-« 

1 -1 

1 -1 

1 

0 

0 0 


irreducible representations oi the crystallographic groups and 0 

have been tabulated by Bethe (1929), and we have followed his method m 
calculating the characters of the representations of the general groups 
-^2p> Plp+\ The characters of the two-valuod irreducible representations of 
the icosahedral group I (and of the groups 3' and O) have been given already 
by Frobemus (1899) For completeness we include also the axial groups 
Px, C'oori but following Tisza (1933) and Bethe we do not include the 
groups which are the direct product of the mversion or a reflexion with a 
group already listed, smce the representations of the new group can be 
written down at once In accordance with Bethe ’s method we introduce 
a new symmetry R commutmg with all the symmetry elements and which 
denotes a complete rotation through 2 n about any axis of the molecule This 
element is added to the onginal symmetry group to form the new “ double ” 
group which we designate by an index r added to the symbol of the simple 
group It 18 to be noted that the double group is not simply the direct product 
of R with the original group since the relations between the elements of the 
latter are also altered (e g m DJp we have C\ — R, whilst in C'| »= E, 
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denoting a rotation through n about one of the twofold axes) The two- 
valued representations of the symmetry group are then one-valued repre- 
sentations of the double symmetry group and their characters can be 
calculated in the usual way 

In order to estabhsh the theorem we have to mvestigate whether a mole- 
cule of a given symmetry possesses at least one set of non-totally sjnn- 
metncal normal displacements transformmg accordmg to a representation 
V such that contams the identical representation, 0 being any two- 

valued representation of the correspondmg group of symmetry V is 
excluded from bemg the identical representation, because, as before, the 
molecular configuration is always taken to be stable with respect to all 
totally symmetrical displacements Now it is easy to show (see below) that 
the antisymmetncal product of any two-dimensional representation is the 
unit representation, so that K{0*} can never contam the identical represen- 
tation for any two-dimensional representation when V itself is not the unit 
representation Thus we need list the antisymmetncal product of only those 
two-valued representations which are more than two-dimensional and these 
are hsted in Table II 


Table II 

Antwyinniotncal product of more than 
twofold degenerate two valued 
Group representations 

T {O'*) = A + E+F 

{O'*} = {G'J} = A, + E, + F, 
r^andO {G'*} = 

Os (0'*} = {0'J} = A„ + E,+ P„ 

I {0*} = A+H 

{!'*) =A + 0 + 2H 

Is {a'*} = {0'.*) = A, + H, 

{/;«} ={r.*) = A,+ 0, + 2H, 


The above mentioned property of the two-dimensional representations is 
estabhshed as follows The character of any group element R in the anti- 
symmetncal product IS given by 

{x*} W = i(x"(-R)-x(«‘)). 

and when R\s& two-dimensional matnx 
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-R* = /all + (®ii + ®2a) ®i*\ 

\(*11 + “ 22 ) ®21 ® 12®21 + * 22 / 

X{R) =ail + 022. 

= «ll + «22 + 2aji02j, 

;t(R») = af, + </*, + 2o„ai,i 
{>:*}(R) = a„aj,-aija8i = I>5t(/e) 

Now the determinant of the two-dimensional matrices is always + 1, since 
they can be expressed as the product of the matrix of a pure rotation with 
that of the inversion, the determinant of both of which is -M, the inversion 
being the matnx 

-1 0 
0 -1 

Thus a twofold degeneracy cannot produce instabihty for a molecule con- 
taming an odd number of electrons with spm 
Makmg use of the list of normal displacements of all possible symmetncal 
molecules given in Table I of Part 1 it is easy to verify that the general 
theorem is true as formulated above Thus, forexample, the antisymmetncal 
product of the more than twofold degenerate two-valued representations 
O', r of the group I always contain the representation H and molecules of 
the symmetry I always possess at least one set of normal displacements 
transformmg according to H Hence always contain the 

identical representation, and the symmetncal molecular configuration 
must be unstable in any more than twofold degenerate electronic state, if the 
molecule contains an odd number of electrons with spin 


then 

Thus 

Consequently 


4 — Magnitude ok the spin effects* 

In considenng quantitatively the effects ansmg from the spm we shall 
have to compare the order of magnitude of the changes produced by the 
nuclear displacements in the electrostatic mteraction energy and m the spin 
orbit mteraction (multiplett sphttmg) respectively 

Consider first a non -degenerate orbital state m which a certain symmetrical 
nuclear configuration is stable when only the electrostatic mteraction is oon- 
• The oonsiderationa of this paragraph are due to Dr E Teller 
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sidered The electrostatic energy m its dependence upon any one normal 
coordinate d may then be approximated by a parabola 

e = ad^ 

The constant a may be estimated from the binding energy if r denotes a 
distance of the order of the equilibnum nuclear distances we will have 



Suppose now that this non-degenerate orbital state has spin degeneracy 
For the symmetncal equihbnum configuration the spm-orbit interaction 
will produce a splitting into the various levels of a multiplett Since the 
orbital state is non -degenerate and possesses therefore no magnetic moment 
this multiplett splitting will be small, ot the order of 

_ 

~ AE' 

where 1 denotes the spin-orbit interaction operator and AE the energy 
difference between orbital states for which it has non-vamshmg matrix 
elements Because of the symmetry the lowest level of this multiplett may 
still be degenerate Suppose this degeneracy is more than twofold then 
according to our theorem for small nuclear displacements there will be a 
Imear sphtting of the ground state The question is whether this dependence 
of the spin-orbit interaction upon nuclear displacements can cause any 
appreciable instability of the original equilibrium configuration To judge 
of this we must compare its order of magmtude with that of the electrostatic 
perturbation described by the parabola above The spm-orbit interaction 
in its dependence upon the normal co-ordinate d may be approximated by 
the linear relation 

e = fid 

The constant /? may again be estimated by considering a distance r of the 
order of the atomic equilibnum distances The process of bnngmg the atoms 
together will not change the spm-orbit interaction by an amount greater 
than the total multiplett sphttmg and we may therefore put 

ei=/?r or ^ 

We find therefore for the electrostatic perturbation 
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and for the spin-orbit perturbation 



and we see that whilst for small distances d the latter perturbation is greater 
than the first, at large distances the reverse is the case Thus each of the 
energy levels into which the multiplett levels are spht ma> be approximated 
for large distances by parabolas which will have their minimum shghtly 
displaced from the original minimum (see fig 1) By equatmg the two 



Fio 1 

perturbation energies we hnd a distance d which will give a rough estimate 
of the change in the equilibrium ihstances which can be caused by the spm- 
orbit interaction We find 

d = -Ir, 

eo 

which 18 a very small fraction of the equilibrium distance If we take the 
binding energy as 1 V = 8000 ( m and the multiplett splitting ej as 
1 cm the distance d will have the order of 10~* A This shows that the 
change of configuration involved is in general so small that it will be covered 
even by the zero point amphtude of the nuclear vibrations Thus for aU 
practical purposes the spin in this case produces no instability 

There is the further possibility that although the lowest state of the 
multiplett 18 stable and does not split yet its energy level for small nuclear 
displacements should intersect the perturbed energy level of a higher state 
of the multiplett thereby becoming unstable It follows however at once 
from the above considerations that such an intersection of the parabolas 
from different levels of the multiplett is impossible Thus in no case can the 
spm forces produce instabihty of an orbitally stable non-degenerate state 
Let us consider now a degenerate orbital state and ask whether a nuclear 
configuration which is unstable when the orbital motion alone is considered 
can be rendered stable when the spm is introduced The multiplett sphttmg 
18 here greater, being proportional to the spm-orbit mteraction operator I 


VoJ CLXIV— / 
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Suppose now that the lowest state of the multiplett is stable for the sym- 
metrical configuration in question, being either non-degenerate or only two- 
fold degenerate Because of the orbital instability the energy of some of the 
higher states of the multiplett will show a linear dependence upon the nuclear 
displacement rf 

e = fid 

For large displacements r this peiturbation will be of the order of the 
binding energy (eneigy between different multipletts) 

Fo = fir 

and wo may easily estimate the rhstance d at whi< h this linearly perturbed 
energy level will intersect the parabola of the lowest state of the multiplett 
We find (see fig 2) that this distance is less than 



^0 


and 18 thus again a small fraction of the e<iuilibnum distances (we may take 
Cj = 100 1 m ■*), being, however, greater than the corresponding distance 
discussed for the non degenerate state Thus a symmetrical nuclear con- 
figuration might under exceptional circumstances be rendered stable in a 
degenerate orbital electronic state, if the spin orbit interaction is large of 
the order of the binding energy, but it is not possible for the spin -orbit inter- 
action to cause instability of an orbitally stable state 



d 

Fia 2 


6 — Conclusion 

In conclusion, let us discuss bnefly the apphcabihty of our theorem to 
crystals Bethe ( 1929 ) has discussed the sphttmg of the degenerate states of 
an atom when placed in the symmetrical field of a crystal and had discussed 
also the further sphttmg which occurs when the crystal symmetry is reduced 
The question could also be discussed by tieatmg the whole crystal as a smgie 
molecule and applying our theorem The question then arises why the 
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orbitally degenerate inner shells which occur m the paramagnetic crystals, 
e g in the rare earth ionic salts, do not cause instabihty of the crystal lattice 
Two reasons may be given for this First, we may show by quite similar 
reasomng to that used above that the Imear sphtting of the levels of the mner 
shells IS so much smaller than the bmdmg energy of the crystal which arises 
from the electrostatic interaction of the outer electrons, that the change of 
equihbrium configuration involved is negligibly small Secondly, we should 
note that this linear splitting of the innei levels has the same order of 
magmtude as the perturbation arising from the exchange of these inner 
electrons between different atoms of the crystal, i o from the possibility of 
the electrons being propagated through the crystal I’heso translational 
effects have been treated neither by Jlethe nor by us in our theorem Their 
treatment would involve a consideration ot the whole space group of the 
crystal, whereas Bethe and we ourselves have explicitly restricted ourselves 
to those groups of symmetry which leave one point of tlie system invariant 

The author is indebted to Dr E Teller lor veiy helpful disc ussion, and to 
the Managers of the Royal Institution for facilities granted to complete this 
research in the Davy-Faraday Laboratory 

Summary 

It 18 shown that a polyatomic molecule cannot possess a stable non-linear 
nuclear configuration in an electronic state having spin degeneracy unless 
this degeneracy is the special twofold one which can occur only when the 
molecule contains an odd number of electrons Instability caused by the 
spm alone is shown to be of secondary importanc e compared with the orbital 
effects discussed m a previous paper Table I gives the irreducible two 
valued representations of all the point groups and will be useful in chsc ussion 
of the electromc states of polyatomic molecules containing an odd numbei ot 
electrons with spin 
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Progressive Lightning 
IV— The Discharge Mechanism 

By B F J ScHONLAND, M A , Ph D 
The Bernard Price Institute of Oeophysical Research, 

University of the W itioatersrand 

(Communicated by Sir Charles Boys, FR 8 — Received 24 September 1937) 

In three previous papers (Sihonland and Collens 1934, Schonland, Malan 
and Collens 1935, Malan and Collens 1937) in this senes the wnter and his 
collaborators have descnbed the results of a study of the hghtmng discharge 
to ground by means of the Boys and other cameras Dunng the last two 
years these studies have been continued with improved instruments, and 
the electncal changes taking place during the discharge have been examined 
by means ot a cathode-ray oscillograph An account of sortie important 
results obtained by the latter method has recently been pubUshed bv 
Apjileton and Chapman (1937) These are confirmed and extended by our 
own later investigations 

With this fuller information it is now jiossible to put forward some deduc- 
tions as to the discharge mechanism 

1 — Thf pot ARITY OF INDIVIDUAL STROKES TO GROUND 

In all cases so far examined by the photographic method the lightmng 
discharge between a thundercloud and the ground starts from the cloud as 
a leader streamer travelling downwards The circumstances govermng the 
piopagation of such a sti earner are known from gas-cbscharge theory to 
depend upon whether it starts from a cathode or an anode It is therefore 
necessary at the outset of any discussion of the discharge mechanism to 
determine the polanty of the cloud end of a lightning stroke 

As a result of numerous observations m many parts of the world it is now 
generally accepted that the total charge conveyed to ground in the great 
majority of discharges is negative This would seem to mdicate that the 
polanty of the discharge is 1 n general such as to make the cloud end a cathode 
It has, however, never been estabbshed that this conclusion holds m detail 
for each of the component strokes which make up a discharge Indeed 
Nonnder (1936) has reported that observations made with a cathode-ray 
[ 132 ] 
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OBoillograph in Sweden show that a positive discharge stroke is sometimes 
followed by a number of negative ones 

For the South African hghtmng discharges which have been studied 
photographically, however, the conclusion suggested by previous studies 
of the nett change of field (Schonland 1928, Halliday 1 93 2 ), that the discharge 
proceeds from a cloud cathode, has now been established for each separate 
stroke of a composite flash to ground Seventy such flashes compnsmg 
some 300 separate strokes to ground have been examined with a cathode-ray 
oscillograph whose resolving power extends to 50 //see All the strokes of 
each flash were recorded photographically and m each case the field changes 
pointed unambiguously to the slow lowering and sudden destruction of 
a negative cloud charge 

2 — GeNEBAI SUBVEY of the mSCHABGl PROCESS 

Each of the successive strokes or partial disiliarges winch make up 
a complete hghtmng discharge to ground takes place 111 two stages, the 
downward-moving leader stage being followed by an upward-moving return 
stage These processes will bo described as the leader and the return streamer, 
since they have the same properties as electrical streamers produced in the 
laboratory Such a streamer is a conducting filament of ionized gas which 
extends its length by virtue of ionizing processes occurring in the strong held 
in front of its tip It is electncally charged throughout its length* but 
18 not at the same potential as the ele< trode from which it started, for there 
18 a drop of potential along it This drop of potential provides a field which 
dnves a current through the stem ot the streamer and this current serves 
to charge up newly formed sections of the stem to the potential neccssaiy 
for further progress The current continues at the tip of the streamer as 
a convection current due to the charge situated there and beyond the tip 
as a displacement current (§ 7 ) Light is emitted by the streamer as a result 
of excitation processes at the tip ((58) Apart from this the luminosity 
associated with the streamer is small and it can therefore be inferred that 
the field m the stem behmd the tip is insufficient to cause excitation by 
electron impact 

It follows from § 1 that all leader streamers observed by us are negative 
or cathode streamers, and all return streamers are positive or anode 
streamers The leader process m the case of strokes subsequent to the first 
18 a continuous one and will be termed the dart streamer That for the first 
stroke proceeds in a senes of steps, each step requmng the development of 
a new step streamer 


Cf note p 134 
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The leader streamer of the first stroke lowers negative charge mto the 
air and distributes it* over the conducting system formed by the leader 
channel and its branches m the manner shown in fig 1 o It was suggested 
from the photographic studies (Schonland, Malanand CoUens i935> P 622) 
that this charge represented a considerable fraction of that tapped by the 
leader This is confirmed by observations of the eleotncal field change, for 
Appleton and Chapman (1937) report that the leader or “a ” stage observed 
by them causes a considerable change of the thundercloud moment Our 
own oscillographic records show that the first leader lowers into the air 
about 85 % of the total charge tapped by it 






Our observations also show that in the case of strokes alter the first the 
fraction of the charge lowered is much less than in the first leader This is 
to bo explained by the fact that these leaders do not usually have branches 
The leader system has therefore a smaller capacity and is less effective in 
lowenng charge from the cloud 

The second or return stage of the discharge is imtiated just before the 
arrival of one of the leader branches at the ground, by the upward passage 

• These (itaternonts, like others in this section, follow what appears to be the 
accepted and correct view os to streamer development, 'which it is mtended to discuss 
more fully elsewhere 
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of positive streamers from the earth These streamers have been photo- 
graphed (McEachron and McMoms 1937), and the frequent presence of 
more than one can be inferred from the root branching shown at the base 
of many hghtmng channels (Schonland, Malan and Collens 1935, p 602) 
This stage is shown in fig 16 

Once contact is estabhshed between leader and earth, the positive return 
streamer passes rapidly up the leader channel Such a streamer, as was first 
shown by Simpson (1926), must advance by drawing electrons produced 
as a result of collision processes m front of its tip, inwards to the tip and 
passing them down to ground via its conducting stem The relatively im- 
mobile positive ions left m front of the tip are then responsible for its rapid 
extension This stage is shown in hg 1 c The change of electnt moment in 
this stage of the discharge is large and rapid Its identification by Appleton 
and Chapman with the second, “6”, stage of the held change record is 
supported by our own observations 

The last portion of the return stroke process mvolves the removal and 
passage down the channel of the residual charge on the cloud centre tapped 
by the stroke This stage, whu h is shown photographically by a continuance 
of channel luminosity after the return streamer has entered the cloud and 
which 18 of comparatively long duration, may be identified with part of the 
final or “c” portion of the field -change record 

It 18 imphed in this description of the discharge process that separate 
strokes tap different centres ot charge within the same thundercloud, 
a suggestion based upon evidence discussed in § 10 The general nature of 
the discharge process for a second stroke from a new charge centre is illus- 
trated in figs \d,e and / 


3 ^THh LEADER PROCESS 

The difference in the behaviour of leaders to first and to subsequent 
strokes implies a vital difference in the raechamsni ot their advanc-e The 
dart streamer invariably follows the path traced out by a previous stroke, 
even to shifting its track laterally if a wind has blown this path aside 
(Schonland 1937) This and other features connected with its velocity under 
different conditions (§ 4 ) indicate that its mechanism is that ot streamer 
advance along a previously lomzed channel, which is further discussed 
m §4 

The stepped leader, on the other hand, is charactenstio of advance into 
what IS apparently virgin, uraomzed air and mvolves a different mechanism 
Associated with it are two velocities, for while the step streamers advance 
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at more than 10* cm /sec , the effective velocity of the process as a whole is 
much lower, most frequently only 1 6 x 10 ^ cm /sec It has never been 
observed to fall below 1 0 x 10’ cm /sec , though much lower values would 
not have escaped observation This minimum velocity m the step process 
IS an important clue to the mechanism mvolved in it, for it can be shown that 
there is strong presumptive evidence that it is the real velocity of a pre- 
liminary streamer whiih precedes the step streamer 

A negative streamer can be imagmed to advance mto virgin air in one of 
two ways, as a result of ionization produced either by electrons situated in 
its tip or by photoelectrons generated in front of its tip In either case a lower 
hmit to streamer velocity is set by the existence of a critical field strength, 
E^, in front of the tip, below which ionization by electron impact caimot 
occur The corresponding cntical electron drift velocity, v^, must be the 
minimum velocity of advance of a negative streamer, since the streamer as 
a whole cannot move more slowly than the lomzing agents which produce 
its extension (Schonland 1935, Goodlet 1937) 

It 18 usual to write the relation between and in the form 

Vj = ■^(2E^e\lnm) 

where, following Townsend, the assumption is made that every collision 
between electron and gas molecule is inelastic Since Ef,xX.iB known to be 
sensibly independent of pressure between 64 cm Hg (the mean pressure 
involved m these disc harges) and 76 cm , we substitute E^ — 30,000 volts/cm 
and A = 3 8 X 10-®om , the gas-kmetic electron mean free path at 20® C and 
76 cm Hg, and find for the cntical velocity, v^, the value 3 6 x 10’ cm /sec 
Two factors combine to make this result too high In the first place it is 
known that for nitrogen the value chosen for A is too large by a factor 
ranging from 0 8 to 0 3 according to the velocity with which the electrons 
are moving (Klemjierer 1933, p 290) Secondly, the assumption that all 
colbsions are inelastic when the hmiting velocity is approached cannot be 
correct For purely elastic collisions the value of is found to be less than 
that given above by the factor (Compton and Langmuir 1930, 

p 221) or 0 08 , w being the mass of the electron and M that of an “air” 
molecule Applying the first correction, cannot exceed 1 8 x 10 ’ cm /sec , 
while from the second argument it cannot be less than 1 4 x 10 * cm /sec 
It 18 difficult to see how any closer approximation to Vp can be obtained 
The observed mimmum effective velocity of the stepped leadeii process, 
1 0 x 10 ’ cm /sec , will here be identified with v^, the mimmum velocity of 
advance of an actual negative streamer This identification 11 supported 
by the observations made by Alhbone and the writer upon negative leaders 
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m the laboratory spark discharge which appear, as Goodlet has recentlj 
pointed out (1937), to show a similar mimmum velocity of the order of 
1 6 X 10’ cm /sec • 

The present suggestion is equivalent to the statement that a true negative 
virgin air streamer travels continuously downwards m front of the step 
streamer processes with a velocity equal to the effective velocity of these 
Upon this, so far unrecorded, streamer the steps are periodically sutler- 
imposed It follows that the step streamers, like the dart streamers of sub- 
sequent strokes, travel along a previously ionized channel provided by this 
slower pilot streamer which precedes them 

The suggestion finds immediate support in the relation which has been 
found to exist between the time of pause of a step streamer, t, and the length 
of the step, I, which is executed after this pause (Schonland, Malan and 
Collens 1935, p 6i6) For each individual cose the ratio Ijt is equal to the 
effective velocity at this stage of the process, that is to the velocity of the 
suggested pilot streamer If t is long the subsequent step I is long and \ ice 
versa The steps thus retrace and bnghtly illuminate an ionized channel 
formed during the pause period and cease when they have caught up with 
the tip of the pilot streamer During the following pause, the origin of which 
18 discussed m § 6, the pilot streamer once more forges ahead Fig 2 illus- 
trates what would be observed on a camera with a fixed lens and a film moving 
from right to left if the pilot streamer, shown as a dotted line, could be 
recorded as well as the step streamers which follow it An explanation of the 
small luminosity associated with this pilot and the consequent difficulty 
of recording it photographically or bj the field-change method is given in § 8 


Cloud 



Film ->• movement 
l<ia 2 


It 18 possible in this way to offer a simple explanation of the tortuous 
nature and branching of the first leader channel In the majority of cases 

* The existence of a minimum velocitj of this order for negative streamers ser\"e8 
as an additional criterion of polarity Tlio inimmuin for positive streamers, if it 
exists, 18 much lower, for the writer has recentlj photographed such streamers with 
a velocity of I 6 x 10* cm /sec 
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the effective or pilot velocity of the process is less than 16 x 10 ’ cm /sec , 
not very far from the cntical mimmum of 10’ cm /sec below which it 
cannot progress at all Its direction will therefore be controlled by the 
structure of the electric field in the neighbourhood of the pilot streamer tip 
and by variations in the density of local space charge 

It may be noted that a stepped method of development in the case of 
Lichtenberg figures from a negative point has been inferred by v Hippel 
( ’933i ’934) under certain experimental conditions and has been interpreted 
by him m terms of a pause during which a pilot streamer {vorentladung) moves 
ahead of the main spark channel A similar mechamsm was proposed by 
Toepler (1926) to account for beagled hghtnmg {perlsrhnurbhtz) 

So far the discussion has been limited to the case of pilot streamers 
traveJhng with the mimmum observed velocity Before it is possible to 
refer to the behaviour of such streamers at higher velocities it is necessary 
to consider the effect which photoionization will have upon its development 
in fields greater than the critical value This question is also involved 
in the mechanism of all streamers travelling along a previously ionized 
path In the case ot the lightmng discharge there are three such types ot 
streamer — the dart leader streamer to subsequent strokes, the return 
streamer to all strokes and, as has been suggested above, the steji streamer 
which follows the pilot streamer in first leaders 

4 — The mechanism of streamer advance along 
A previously ionized trail 

It has been pointed out by Cravath and Loeb (1935) that the very high 
velocities observed for the dart streamer can only be interpreted satis- 
factorily m terms of a mechamsm which involves the pre-existence of free 
electrons in the region traversed by the streamer These free electrons they 
considered to be produced by the action of natural agencies such as radio- 
active and cosmic radiation In the case of the dart streamer, however, as 
well as of the other two streamers mentioned above, they arise from the 
previous passage of a powerful lomzing discharge along the trail to be 
followed by the streamer 

The mechamsm of Cravath and Loeb is illustrated by fig 3 AB is the 
streamer stem and the shaded portions of the previously ionized trail m 
front of the tip of the streamer indicate the region over which the electno 
field exceeds the cntical value for impact lomzation by electrons In the 
case of a negative streamer (dart or step) the onginal electrons in BC create 
others by moving forward but in the case of a positive streamer (return 
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streamer) they do so by moving inwards to the streamer tip As soon as 
BC has m this way been rendered sufficiently conducting as a result of the 
formation of electron avalanches, the streamer has effectively extended to C 
It 18 thus unnecessary for any electrons to travel the full distance BC and 
the streamer velocity V can considerably exceed the mean electron drift 
velocity V, of the electrons in BC 



A B C 


iM 3 

It 18 here suggested, as an extension of this theory, that consideration 
must be given to the time necessary for effei tive lomzation of the region BC 
This 18 the time required for this region to be effectively covered by a netw ork 
of small filaments, one starting from each onginal electron We may assume, 
as the simplest possible hypothesis, that this is the time, t, necessary for 
each original electron to cover the mean distance from one electron to the 
next Then if n is the original electron density m the trail and v the moan 
electron drift velocity m BC, we have 

<=l/(n*xr) and V = djt = xvxd, (1) 

where d = BC 

The streamer velocity V thus dejiends on the pre-existing elettron density 
111 the lomzed trail, n, as well as on the electnc field m front of the tip, 
which determines v and d As an illustration wo may take the case of 
a streamer with a tip radius of 1 cm and a tip potential of 3 x 10* volts The 
capacity of the tip of the streamer may then be estimated at 0 5 e s u and 
the tip charge at 5 x 10* e s u The held strength immediately m front of the 
tip 18 1 6 X 10* volts/cm , and if the streamer were advancing into virgin air 
its velocity would be about 7 x 10’ cm /sec , since the field is fifty times the 
cntical value already discussed If, however, the region into which the 
streamer was advancing contained 10* pre-existing electrons per c c the 
streamer velocity would be given by equation (1) above In this case 
the distance d over which ionization took place in front of the tip would be 
6 cm , the mean field strength, calculated for a distance 3 cm m front, would 
be 9 X 10* volts/cm and the mean electron dnft velocity 1 7 x 10’ cm /sec 
Substituting these values in equation (1) we find that the new velocity 
of advance V would be 1 03 x 10* cm /sec or fifteen times as great as for 
advance mto virgm air The Cravath-Loeb mechamsm thus offers a satis- 
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factory explanation of the high velocities of dart and return streamers 
without the introduction of impossibly high field strengths m front of their 
tips The similarly high velocity found for the step streamer is another 
argument in support of the suggestion that this too travels along a previously 
ionized path 

The chief addition which has here been made to the mechanism suggested 
by Cravath and Loeb is the introduction of the electron density of the trail, 
n, in equation ( 1 ) The streamers we are discussmg provide strong evidence 
that their velocities depend upon n in the manner in which these velocities 
are affected by the age of the trail they follow, that is by the time which has 
elapsed since this trail was formed The free electrons produced during the 
previous lomzing process will tend to disappear by processes of capture and 
recombination and n will be an inverse function of the age of the trail Thus 
it IS found that fast dart leaders occur when the interval since the preceding 
stroke is short and slow ones when it is long, and that when the mterval is 
unusually long the continuous dart process cannot occur but is replaced 
by a rapid stepiied pro9e88 (Schonland, Malan and CoUens 1935, p 604) 

Similar evidence is provided by the return streamer Since this is a 
positive streamer the electrons m the forward region move inwards, but 
otherwise equation (1) should apply The very high velocities attamed by 
the return streamer are no doubt partly due to the strong-tip fields caused 
by the presence of a negatively charged leader channel m front of the positive 
tip of the streamer The velocity of this streamer is, however, always 
observed to decrease as it travels up the leader channel, and this fact suggests 
that the governing factor in its progress is again the age of the trail it 
follows For the tune which has elapsed since the leader was first formed is 
smallest at the ground end of the channel, where it is zero, and greatest 
at the cloud end, where it may be 0 02 sec Whether this factor alone is 
responsible for the decrease observed or whether it is combined with 
a reduction in tip field due to the reduced negative charge density on the 
upper portions of the leader channel illustrated in fig 1 it is difficult to 
determine 

As the return streamer travels along a branch, the age of the ionized trail 
in front of it actually decreases and n must increase Thus in fig 4 the hght 
lettenng shows the times m /i-secs at which various parts of the leader channel 
and its branch ACFQ were formed, while the heavy lettenng shows the 
actual age of the ionization at each point at the moment when the return 
streamer first reaches it At the extreme end of the branch the actual age 
18 little different from that at the bsise of the channel This diagram shows 
that the trail electron density n along a branch will be greater than along 
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subsequent parts of the main channel The age at D on the mam chaimel 
when the return streamer arrives there is 7070 fisec , while that at C, 
equidistant from A but along the branch, is only 5070 /isec Between E 
and F, also eqmdistant from A, there is a difference of 4000 /isec in age 
When, therefore, the return stroke reaches A it divides into two portions, 
one of which travels along the branch trail much faster than the other along 
the main channel The branch streamer will show a higher luminosity 



(§ 8) and carry a larger current than the mam channel streamer, and 
the discharge will appear to concentrate its energy upon the branch These 
effects and the component streamers they evoke at the base of the channel 
have recently been discussed by Malan and Collens (1937) As in the case 
of the main channel streamer discussed in the previous paragraph it is 
possible that the “age” effect just described is combined with an increase 
in tip field, for the density of the negative charge on the leader wdl be greater 
along a branch than along the mam trunk 
More detailed studies of the structure of the “6 ” portions of field change 
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records, which are at present being undertaken, should show electrical 
evidence of these effects 


6 — Thb pilot stbeamee 

According to the view put forward in preceding sections, the pilot streamer 
18 the only one of the four types of streamer involved in the Iightmng dis- 
charge which can projierly be said to advance into virgm air These pilot 
streamers have velocities which have been recorded (as effective step 
process velocities) as ranging from 10x10’ cm /sec to 2 0x10* cm /sec 
If their mechanism was simply that of ionization by their tip electrons, 
their velocity would be equal to the drift velocity v of these electrons and we 
would have V = v = L^E where I is a constant discussed in 3 Since 
from § 3, £ = = 30,000 x 54/76 = 2 1 ,000 volts/cm at the mean pressure 

prevailing in these discharges, when V <= — I Ox 10’ cm /sec , the maxi- 

mum value observed for F, 2 0 x 10* cm /sec , would correspond to a tip field 
of 8 X 10* volts/cm The question then arises whether at the higher velocities 
such high tip fields actually exist or whether in this case also the streamer 
makes use of pre-existing lomzation in front of its tip 

The suggestion of Loeb and Cravath that such lomzation, by which is 
imphed the presence of free electrons arises Irom natural sources does not 
appear to be vahd The mean life of a free electron is so short and the natural 
supply so meagre that it is easily show n that the probability of an electron 
being present at the required moment in the region in front of the tip is 
negbgibly small ( < 10"*/c c ) Thereremainsalatersuggestion by Loeb (1936) 
that streamer advance into virgin air may be facilitated by photoelectno 
ionization of the air in front of the tip If this process occurred it would be 
possible for the maximum pilot-streamer velocities quoted above to be 
reached by the process represented by equation (1) without the high tip field 
strengths which have been calculated 

It will, however, be shown in § 9 that pdot streamer velocities can be 
separated into two groups The first group, which includes velocities from 
1 0 X 10’ to 6 0 X 10’ cm /sec , contains the majority of the streamers and 
evidently involves field strengths not much higher than the ramiraum for 
lomzation The second includes all velocities from 50x1 0’ to 20x1 0® 
cm /sec and contains a mmonty of the streamers whose behaviour indicates 
that they may be travelhng in fields of abnormal strength 

There is therefore no need to mvoke photoelectric lomzation to explain 
even this mmonty of faster pilot streamers, and the evidence at present 
suggests that negative streamer advance into virgin air takes place by 
ionization directly produced by electrons in the tip of the streamer 
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6 — The mechanism of the stepped leader pause 

The time of pause between successive steps in the stepped leader process 
occupies a remarkably narrow range of values for a phenomenon of this kind 
In 90 % of the many leaders examined it hes between 50 and OO/tsec 
This makes it difficult to accept any explanation of the pause which does not 
involve a gas-discharge mechamsm of a very fundamental character Thus 
it 18 unhkely that the pause can be connected with any pi operty ot the cloud 
charge which is feeding the leader, for this must show wide vaiiations 
from one flash to another A similar reason leatls one to reject any inter- 
pretation based upon oscillations in, or surges travelling along, the channel 
between cloud and the tip of the leader For such an explanation must always 
give a pause time which increases with the length of the channel, and such 
an increase is not observed 

According to the view expressed m § 3 , the bright step streamer ceases 
at the end of a step because it is a process which requires a previously ionized 
trail, and at the end of a steji it has caught up with the pilot streamer which 
lays this trail The pilot streamer then forges ahead during the time which 
elapses before the step streamer can start 

The tip of the arrested step streamer is thus the beginning of the stem of the 
pilot streamer, and the field m the stem in front of this tip is msufficient tor 
ionization by electron impact (§ 2 ) The pause time is then to be considered as 
the time necessary for this tip field to approach the critical value for ioniza- 
tion There seem to be two possible views as to the way m which this growth 
(.an occur According to the first it is due to the decrease m tiie electron 
density in the stem of the pilot streamer This streamer carries a current 2 ) 
and electron drift is taking pla< e in its stem to maintain it If, however, the 
electron density is falhng off with time as a result of capture and recombina- 
tion processes the current can only be kept up by a rise in the field strength 
in the stem Ultimately this field is great enough for the step streamer to 
start 

It may be, however, that the pause time is the time required for a positive 
space charge to form up from the positive ions in the pilot stem and gather 
close enough to the step-streamer tip to give it a strong startmg field 
This second explanation, which was suggested by v Hipiiel (1933, 1934) in 
connexion with Lichtenberg figures, regards the pause time as of the same 
nature as a spark lag It may, however, be urged against it that the gaseous 
tip of the step streamer is very different in nature to the metal cathode of 
a spark gap, and the formation of a positive space-charge layer very close 
to It 18 difficult to picture 
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7 — PlIiOT-STREAMEE CUBEBNT3 


An eatimate of the current carried by a pilot streamer can be obtained 
from an expression denved by Rudenberg (1930) on the assumption that 
the tip of the streamer is hemispherical and the tip charge uniformly* 
distributed over this hemisphere, the charge density along the stem being 
neghgible m companson with that on the tip The current t is then found to 
be given by 


t = E r F/2, 


( 2 ) 


where E is the tip field in e s u , r the tip radius and V the streamer velocity 
A similar expression has been foimd by Jehle (1933) for the convection 
current earned by the tip charge 

Values of E and V for the pilot streamer have been given above, but no 
du*ect mforraation is available as to the radius r of its tip It is certainly 
less than 1 0 cm , since measurements of the diameter of the hghtnmg channel 
after both leader and return stroke have traversed it give radu less than this 
(Schonland, 1937) The streamer tip will spread laterally as it advances, and 
we can apply to it the calc ulations made by Ollendorff (1932)00 the spreading 
of an electron swarm as a result of colhsions with gas molecules These give 
a radius of 1 cm for the swarm after it has travelled 10m m a field of 
strength 30,000 volts/cra Thus for the slowest pilot streamers which do not 
travel further than 10 ra before they are caught up by the step streamer, 
r will be less than 1 cm Substituting m equation (2), E = 21,000 volts/cm , 
r = 1 cm and F = 1 0 x lO’em /sec , we find that pilot streamers travelhng 
with the mimmum velocity observed carry a cuiTent of the order of 1 amp 

The spreading of the tip is less in the larger fields which produce the 
higher streamer velocities, r varying as where I is the distance 

travelled The distance which a pilot streamer travels before being caught 
up by the step streamer is Vt, where t is the pause time (Schonland, Malan 
and Collens 1935, and § 3) Since t is approximately constant this distance 
18 proportional to V, and the radius of the pilot tip at the end of its 
career vanes as 1/F* In the case of the fastest pilot observed, for which 
F = 2 X 10* cm /sec , the fanal-tip radius will thus be of the order of 1/^20 cm 
or about 2 mm Substituting these values and that for E previously calcu- 
lated (8 x 10*volt8/cm ) in equation (2), we filnd the maximum current earned 
by a pilot streamer to be 180 amp Such high velocities are rare, and this 
discussion indicates that the majonty of these streamers involve currents 
of a few amperes only 

These currents are very small compared with those earned by the other 
types of streamer in the discharge The dart leader removes a charge of the 
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order of 1 coulomb from the thundercloud m a time rangmg from 10~* to 
10-‘ see and thus cames from 1000 to 10,000 amp The return streamer 
removes this same charge to ground in from 60 to 100 /tseo which involves 
a current of the order of 130,000 amp 


8 — StrilAMeb luminosity 

The mam source of hght m the hghtmng discharge is situated near the 
tips of the various streamers which comprise the discharge Thus the dart 
streamer is so called because the light which it emits is largely confined to 
a length of some 60 m behind its moving tip, the streamer stem behind this 
being only faintly lummous The same is true of the step streamer whose 
stem can only be photographed with difficulty In the case of the return 
streamer the emittmg region is longer, but here also the luminosity at the 
base of the channel has fallen off considerably before the bright tip of the 
streamer has advanced half of the distance between ground and cloud 

This localization of the mam source of hght implies that it arises trora 
excitation processes in the strong fields at the tip of the streamer where 
atoms and molecules are raised to excited states by electron impact Since 
the tip has passed on before they return to normal states with the emission 
of light, the luminosity thus produced will be spread over a distance D 
behind the tip whose length is given by D^vt, where v is the streamer 
velocity and r the moan kfetime oi an excited state The sign > indicates 
the effect of those excited atoms which have a longer hfetime than the mean 
m lengthemng the emittmg region 

For a dart leader of velocity 10* cm /sec , D is observed to be about 
60 m and for a return streamer of velocity 10^® cm /sec to lie about 600 m 
(Schonland and CoUens 1934, pp 662,665) Both these streamers thus give 
T g 5 X 10~® sec , for the mean hfetime of an excited state in air at ordinary 
pressure It is interesting to note that values for t m the arc spectrum of 
mtrogen are known to be of the order of 10-^ sec (Compton and Langmmr 
1930, p 132) It may be added that the observed length, Z>, of the emitting 
region is not affected to any important extent by the resolving power of the 
camera lens used The image of a point on the channel represents the com- 
bined effect of the hght received from a length I on cither side of it, but for 
a discharge at a distance of 6 km I is only 10 cm 

All these streamers show a rapid mcrease m the brightness of the tip 
region with mcreeusmg velocity (Schonland, Malan and Collens i 93 S> P hob) 
This IB to be explamed by the fact that the velocity of the streamer, according 
to equation (1), is k function of the mean dnft velocity, v, of electrons m the 
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region ahead of the tip, since the probabihty of excitation is well known to 
nse sharply with electron velocity in the neighbourhood of the ionization 
potential 

We may thus infer that the bnghtnessof a very fast streamer imphes a high 
field in front of its tip, a large value of t> and a degree of ionization which is 
larger than usual This increased ionization provides the stem of the streamer 
with the conductivity necessary for it to carry the streamer current without 
an excessive fall of potential per umt length As a result the tip potential 
and field can be mamtained at the value necessary for its rapid progress 

In the case of the pilot streamer the electron-dnft velocity at its tip is 
identical with the streamer velocity V, and this is usually not far from the 
critical value for ionization The bnghtness of such a streamer would there- 
fore in general be small and the conductivity of its stem be low These 
effects would account for the fact that it has not been recorded photo- 
graphically and for the small currents which it carries It should, however, 
be possible to observe it at the higher velocities, where the increased 
bnghtness of the following step streamer (Sohonland, Malan and Collens 
*93S> P 615) indicates that a trail of greater electron density than usual 
has been formed 

9 — Lkaddk development and space charge 

It 18 now possible, from the photographic evidence available, to distinguish 
two different types of stepped leader development The most frequent, 
which may be termed type a, is that in which the leader process moves in 
a fairly regular manner from cloud to ground without excessive branching 
In such a leader the pilot or effective velocity is not much greater than the 
critical minimum for progress and ranges from 1 0 x 10’ to 6 0 x 10’ cm /sec 
The field m front of the pilot is therefore not much greater than the cntical 
breakdown field Much leaders we find to be associated with the type of 
field-change record recently descnbed by Appleton and Chapman and 
referred to in § 2 

The second or /? type of leader, which occurs m about 30 % of the cases 
examined by us, is very much faster and brighter m its imtial stages than 
the a type All the high effective velocities which have been observed are 
found during the first portion of the path of leaders of this type This portion 
18 always associated with an extensive branching process at its end, and in 
a number of cases (e g flash 36, fig 9, Sohonland, Malan and Collens 1935) 
the discharge ends m this branched manner in the air More usually, 
however, the process continues onwards to the ground with reduced velocity 
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and with steps which are faint and short Occasionally the extensive 
branching and subsequent slower downward development is repeated 
several times 

It IS natural to associate this behaviour of the leader process with the 
existence m the air of concentrations of positive space charge formed by 
the process of point discharge first suggested a6 important by Wilson (1925) 
Such concentrations would lead to the formation of stronger electric fields 
than usual between the cloud charge and the space charge and explain the 
higher pilot velocities of the streamers which travel to them Below such 
a concentration the field would be low and the pilot velocity would be much 
reduced in the manner mentioned above 

Our field-change records show precisely similar effects, the /? type leader 
bogmmng with a large and rapid field change carrying abnormally large 
supenmposed pulses due to the steps and ending with a small field change 
which takes place slowly and with no obseivable step effects 

An mterestmg comphcation of the type fi leailor which is sometimes 
observed is the occurrence of a bright dart streamer along the previously 
formed section of the channel from cloud to space-charge branch before the 
further downward movement takes place In a complex leader as many as 
four of these dart processes can take place at different stages of its progress 
A moving camera which was unable to record the faint and slow stepped 
process which preceded the later of these dart streamers would indicate 
that the discharge took place in four very large steps This ty{io of develop- 
ment has been reported by Walter (1910 1935) and by Workman, Beams 
and Snoddy (1936) 


10 — Thk origin of separatb strokes 

The number of strokes makmg up a complete discharge to ground is 
a variable quantity It has been shown (Schonland, Malan and CoUens 
1935, p 599) that single stroke discharges are the most frequent and that 
discharges with more than six strokes are rare We have observed that the 
multiple-stroke discharge is more usually associated with the extensive 
and violent frontal type of thunderstorm than with the type winch owes its 
ongm to thermal convection 

The ongm of multiple strokes has been given a suggested explanation 
by Simpson ( 1 926) m terms of bis well-known theory of the positive discharge, 
the cloud end of the positive streamer becoming blocked with negative ions 
This explanation cannot be apphed to the negative discharges which have 
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been studied here Ollendorff (1933) has suggested that the discharge is 
cut ofif during each stroke by the effect of the potential drop at its earthed end 
upon the falling characteristic of the channel This explanation, which 
involves a much simpler conception of the channel than that actually 
observed, appears to have been disproved by expenments reported by 
McEachron and McMoms (1937) 

The experimental evidence obtained by us suggests that separate strokes 
arise as a result of the existence of separate generating centres at different 
places withm the cloud That this can actually happen is shown by the not 
infrequent occurrence of Y-shaped discharge channels, apparently branch- 
ing upwards, which in the cases examined by us with the Boys camera are 
due to two separate strokes from different parts of the cloud with a common 
stem formed by one stroke and utilized by the other The association of 
multiple strokes with large and extensive cloud masses is in accord with this 
suggestion, for the larger thunderclouds may be expected to possess several 
generating centres When one of these, due jierhaps to the presence below 
it of a sufficient positive space charge, is able to discharge to ground the 
reorgamration of the field withm the cloud and its concentration in the 
direction of the top of the conductmg channel is likely to start a leader 
streamer which, hke the second Y leader described above, will use the cloud- 
earth channel formed by the first 

On this view the time interval between one stroke and the next should 
be of the same order as the time reqmred for a stepped leader to travel from 
a new cloud centre to one which has previously discharged to ground, plus 
the time taken by a dart streamer to travel down the previously formed 
channel to earth Owing to the high velocity of the latter its contnbution 
to the total time interval will be small, and we may write the mterval T 
as DjV, where D is the distance between the new and the old cloud centre 
and V the velocity of a stepped leader The observed values of T are usually 
greater than 0 01 and less than 0 09 sec , the most frequent time interval 
being 0 03 sec The most frequent value observed for V m the air outside 
the cloud IS 2 x 10’ cm /sec Substitution of this figure and iT = 0 03 sec 
yields D — % km for the distance between cloud centres 

This calculation has not taken mto account the possibihty of a delay in the 
starting of the new stepped leader nor of a reduced velocity for the stepped 
leader process in the presence of water-drops, both of which would reduce 
the value found for D We may conclude that this explanation of the time 
interval indicates that the distance between cloud centres of charge respon- 
sible for separate strokes is less than 8 km , a value which appears very 
reasonable when it is recalled that they arise m the mam from clouds of 
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considerable size It is of interest to note also that the diameter of a single 
charged cloud centre has been estimated by Wilson (1921) to be 1 0 km 

This work forms part of the hghtmng research programme of the South 
African Institute of Electrical Engineers I have to thank my colleagues 
on the committee, in particular Mr H Collens, Dr D J Malan and Mr D B 
Hodges, for permission to refer to results obtained m collaboration with 
them which are not yet pubhshed, and for much helpful discussion 


SUMM^BY 

1 — Oscillographic observations indicate that all processes in the discharge 
to ground observed in South Afiica incolve a cloud cathode and an earth 
anode 

2 — The first lightning stroke appears to involve 

0 — The development of a pilot streamer, a negative streamer proceedmg 
from the cloud into virgin air 

h — The penodical catching up of this pilot stieamer by a much faster 
step streamer, a negative streamer advancmg along an ionized path 

c — ^The distribution by this leader process of the greater portion oi the 
cloud charge tapped by it upon a branched leader channel in the air below 
the cloud 

d — The passage of this charge to ground m the return stroke, a positive 
streamer traveUing along an lorazed and oppositely charged path 

3 — The second and subsequent strokes involve 

a — A fast dart streamer, a negative streamer advancing along an lomzed 
path 

b — A return stroke streamer similar to 2d 

4 — The mechanisms of the three types of streamer are investigated 
Satisfactory explanations of their behaviour can be derived 

6 — Discussions are given of the currents m the vanous streamer processes, 
of the luminosity associated with their movement and of the effect of space 
charge on leader development 

6 — Evidence is given which indicates that the occurrence of separate 
strokes m the discharge is due to the presence in the cloud of separate 
charge-generating centres 
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The Theory of the Photolysis of Silver Bromide and 
the Photographic Latent Image 

By R W Gvbnby and N F Mott, F R S 
H H WtUa Physical Laboratory, University of Bristol 

{Received 21 October 1937 ) 

1 — Introduction 

The aim of this paper is to see to what extent the processes takmg place 
during the exposure and development of a photographic emulsion can be 
understood in terms of the conceptions of present day quantum mechamcs 
The problem has recently been discussed by Webb (1936), to whose paper 
we are considerably indebted, we believe it possible, however, to push the 
analysis further than has been done by him 
We may convemently divide our discussion into two mam parts, first, 
that deahng with the direct photolytic reduction of silver halides, and 
second, that deahng with the latent image and its subsequent chemical 
or physical development 

PART I— PRINT OUT EFFECT 
2 — Direct photolytic reduction op silver halides 
We must first summarize what is known about this process from the 
experimental side Hilsch and Pohl (1930) have investigated the photo- 
chemical behaviour of large crystals of silver hahdes They find that under 
lUummation the crystals become coloured, a new absorption band appearmg 
m the visible They attribute this absorption band to the formation of 
colloidal particles of metalhc silver * A photoelectric current may be mea- 
sured during the photochemical coloration (cf Lehfeldt 1935) The quantum 
efficiency of the process is not known The effect of temperature has been 
investigated by Lohle (1933), who finds that at — 186 ° 0 no collqidal silver 
IS formed unless the crystal has previously undergone a bnef itfummation 
at room temperature 

In photographic emulsions the quantum efficiency of the formation of 
silver has been mvestigated by Eggert and Noddack (1923) and others, and 
* These must be sluurply distinguished from the centres of atomic size, which give 
nae to the F band in aUoali hahdes 
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it IS established that m the direct reduction of silver-bromide emulsions by 
hght <pnnt-out effect), approximately one atom of silver is formed for every 
quantum absorbed This only holds for room temperature, at hquid air 
temperature Berg and Mendelssohn (1937) have shown that the efficiency 
falls by 10* 

It must be emphasized that in a partially printed out emulsion also the 
Sliver 18 not found m atomic form, but, in each halide gram, m a relatively 
small number of specks of colloidal metal, as may be seen by examuung an 
exposed gram imder the microscope (cf Hay 1932 a) The hght quanta 
incident must, however, be absorbed at random all over the gram, the silver 
18 thus not formed where the light quantum is absorbed It is often stated 
that “silver atoms are formed where the hght is absorbed, and that the 
atoms then flock together to form colloidal metal ’ ’ In what follow s we hope 
to give a more adequate description of this process 


3 — PHOTOCONDtrOTIVITY 

As we have stated the absorption oi hght by silver hahdes is accom- 
pamed by photoconductivity Now it is a well-known result of the quantum 
theory of sohds that if an electron is brought from outside and placed on one 
of the metal ions of an alkali or silver hahde, it will not stay on that ion, but 
will be able to jump from ion to ion through the crystal Unpubhshed 
calculations for NaCl by Fuchs and the present authors suggest that the 
potential bamer preventmg this interchange is practically neghgible, guch 
an electron can run through the crystal as qmckly as a free electron m a 
metal We refer to the band of energy levels that such an electron can have 
as the “conduction levels” Photoconductivity is to be ascnbed to the 
raismg by the hght of an electron into the conduction level from a bound 
state m one of the halogen 10ns At present we shall assume that every quan- 
tum of hght absorbed does this — an assumption which is discussed m greater 
detail m Part III of this paper 

We may estimate the diffusion coefficient of an electron m the conduction 
band If it has thermal energies its velocity will be ~ 10'' cm /sec , and its 
mean free path,* say 10“' cm , so its diffusion coefficient is of the order 
1 cm */8ec 

If then we consider a gram of a hahde emulsion, of hnear dimensions, say 
10"* cm , absorbing quanta at the rate 100/seo , we see that the electrons 


* Much lew than that of an electron m a metal (of Frohhoh 1937) 
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will difiEuse rapidly away from the points where they are released, and form 
a sort of electron gas m the gram 

It is not necessary to assume that these electrons are actually movmg 
about all the tune According to Pohl (1937), if a crystal of AgBr is irradiated 
at low temperatures with 10** quanta/cm it shows electromc conduc- 
tivity like a semi-conductor The state is destroyed by high temperatures 
or by high fields We may assume then that there exist m the crystal meta- 
stable positions at cracks or impurities at which the electron may tem- 
poranly be trapped, and from which it will be released later by thermal 
motion This follows also from the fact that in Pohl’s experiments on 
photoconductivity a held of about 1000 V/cm was necessary for the 
current to rise to its saturation value 

Now consider what happens m a gram already partially reduced, so that 
it already contams some metaUic silver Whenever an electron comes m 
contact with a siieck of silver it will be captured This is shown m fig 1 , 
where the energy levels of an electron in the halide crystal and m metalhc 
silver are shown, the electron will fall down the potential lull into the metal 
and not be able to get out * 



It 18 possible that a few electrons will be captured by some of the halogen 
atoms from which they have been ejected If, however, there is already a 
considerable quantity of metalhc sdver present, this will be improbable, 
Since there will at any moment be very few of these atoms (of g 0 ) Thus 

• There is experimental evidence that electrons movmg m the conduction levels 
of salts are easily trapped by colloidal particles of metal; Glftser and Lehfeldt (1936) 
find that the mecm distance moved by photoeleotnoally released electrons m KCl 
crystals contauung F centres is considerably dunmished if the centres are allowed 
during heat treatment to form colloidal jiartioles of metal Lehfeldt (1935) reports 
the same effect m stiver salts 
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eventually an electron will find its way to the metallic silver, and we may 
assume that for every quantum absorbed an electron is added to the 
metalhc silver 

4 — Elbctbolytio conductivity 

Silver hahdes are electrolytic conductors m the sohd state Below room 
temperature the conductivity is structure sensitive (of Lehfeldt 1933) 
Above room temperature it is not, and shows a temperature dependence of 
the type 

<T = 

The following mechanism has been proposed for the electrolytic conduc- 
tion (cf Jost 1937) In thermal eqiiilibnum at temperature T a few of the 
positive ions will have left their normal positions and will be found m the 
centres of cubes at large distances away, as shown in fig 2 We call such 
positions “interlattice” positions If is the work necessary to remove 
an ion to an “interlattice” position m this way, the fraction of the total 
number so displaced wiU be 

Both the displaced ion, and the “hole”, will be able to move through the 
crystal, a certain activation energy bemg necessary m either case The 
conductivity due to either process will then be proportional to a factor of 
the type 

Both processes are due to the motion of silver ions 
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We now return to out halide gram containing negatively charged par- 
ticles of silver The silver ions in interlattioe positions will be attracted to 
the charged silver,* and will therefore move through the crystal until they 
meet and adhere to the silver The silver specks will therefore grow until 
their charge is neutrabzed We thus see why an atom of silver is formed for 
every quantum absorbed 

When an electron is removed from a halogen ion by the hght, the vacant 
place (“positive hole”) left behind may perhaps have a certam mobihty, 
since an electron can move from a neighbouring ion and fill it up, and so on 
through the lattice Unless this mobihty is mu( h less than that of the silver 
ions m mterlattice positions, our whole model breaks down, because the 
negative charge on the silver will be neutralized by the positive holes, which 
are attracted to it We shall assume, then, that the positive holes are not 
mobile, they may be trapped by the mechamsm proposed by Gurney and 
Mott (1937) 

In § 10 it 18 suggested that the hght is absorbed mamly on the surface of 
the hahde grains, if that is the case there is no difficulty in understanding 
how the bromine atoms so formed escape into the gelatme 

6 — Peint-oxjt effect at low temperatures 

As we have seen, the quantum efficiency of the pnnt-out effect, near to 
unity at room temperatures, falls by a factor 10® as the temperature is 
lowered to that of hqmd air (Berg and Mendelssohn 1937) This may be due 
to two causes either the production of electrons may be less efiicient at low 
temperatures, or electrolytic conductivity may take place only very slowly 
In the latter case the silver present would charge up negatively, but it 
could not rapidly discharge by attracting silver 10ns to it, so electrons sub- 
sequently formed would be repelled and would wander round the grain until 
recombmation took place with a halogen atom 

If the former explanation is true we should expect silver bromide to show 
a marked drop in the photocurrent per absorbed quantum as the tem- 
perature IS lowered Such a drop is observed in zinc-blende and ui coloured 
alkah hahdes and is to be expected on theoretical grounds (cf Mott 1937), 
though possibly at a lower temperature than that of hqmd aar In AgBr 
Toy and Hamson (1930) find such a drop m crystals which have been an- 
nealed for a certain tune just below their meltmg-pomt, on the other hand, 
Lehfeldt (1935) finds that at — 1 86° C and m a field greater than 200 V /mm , 
one electron is drawn to the anode for every quantum absorbed 

• The field prodtwed by an electron at a distance of 10-^ ora is 10 V/ora 
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If the latter explanation ia true we should expect that, for very weak 
intensities of illumination, the drop in efficiency would be less marked In 
fact, at low temperatures, above a certam intensity of illumination, we 
should not expect the rate of formation of silver to depend on the intensity 
of illumination at all At very low intensities, on the other hand, the tem- 
perature should have no effect, as in 6g 3 

Actually, however, the drop in efficiency may be due to both causes, and 
expenraenta on the pnnt-out effect at different temperatures and mtensities 
would enable them to be separated, if the results turn out to be similar to 
those illustrated in fig 3 



Fig 3 — Rate of formation of silver m an emulsion (theoretical) 


PART II— THE LATENT IMAGE 
6 — Conditions foe foemation 

According to the mvestigations of Eggert and Noddack (1932) the number 
of quanta which a gram must absorb m order to become developable is of 
the order 100 This holds for the average grain of an emulsion, 1 e in an 
emulsion this number of quanta must be absorbed per gram in order to 
render about half the grains developable Of course in a sensitive emulsion 
there will be a small number of grams (about 1 %) which are sensitive to 
one or two quanta, there will also be other grains developable without 
exposure at all (causing fog) 

Although many other theories have been put forward we shall assume that 
the latent image is a submicroscopic speck of metalho silver It is of course 
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certain that the presence in the hahde gram of metaUio silver renders it 
developable, we know this from the simple fact that the developer oontmues 
to act on a gram long after any special configuration of atoms formed by the 
absorption of hght has been obhterated 
In discussing the latent image, then, we have to consider under what 
conditions a speck of metalho silver wiU start to grow on the surface of a 
hahde gram In this connexion the “sensitivity specks ’’ of Sheppard are of 
great interest According to him these are specks of silver sulphide adhenng 
to the surface of the gram, and their function is to “ concentrate ” the silver 
atoms formed at defimte points on the surface, where the developer can get 
at them From our point of view, what we require is a place on the surface 
where the electrons will “stick ” If the conduction levels in silver sulphide 
are lower than in silver bromide, the sulphide speck will have just this 
effect, an electron in the conduction level of the latter, on meetmg the 
sulphide speck wiU fall down a potential hill and become stuck (fig 4) 
The speck thus becomes negatively charged , silver ions are attracted to it, 
and a silver speck grows, as explained above 


Levels of 
AgBr 


Levels of 



Fig 4 — Conduction levels of AgBr and Ag,S 


We do not know the size of silver speck necessary for development, one 
might assume that since m the average gram 100 quanta must bo absorbed, 
the speck must have 100 atoms It is, however, by no means certain 
a pnort that the first few electrons released by the light are effective m 
producing silver atoms, and if we assume that the necessary size of silver 
speck IS a good deal less than 100 atoms, and that the himdred quanta are 
necessary for the reason given below, a larger number of facts can be corre- 
lated, as we shall now see 

Consider a speck of uncharged metallic silver m contact with AgBr Let 
E be the work necessary to remove an electron from the metal ipto the con- 
duction level of the AgBr (cf fig 1 ) We have no a pnort knowledge of E, 
but the considerations of § 7 show that it is much less than the work function 
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of silver Now m the temperature is raised electrons will pass from the metal 
mto the conduction level of the salt If the electron were uncharged we should 
get a “vapour” of electrons, the vapour pressure being proportional to 
g-B/fcT jf denote by c the ratio of the number of electrons per umt 
volume in the conduction band to the number of ion pairs, then we should 
have, as regards the order of magmtude at any rate. 

Actually the positive charge left on the metal will cause the negative electron 
gas to cluster round the surface of the metal, the concentration being of 
the order and dying away outside it * 

Now the condition for a silver speck to grow is that it shall be negatively 
charged, whereas we have just seen that a speck imtiaHy neutral gives off 
electrons and becomes positively charged Clearly then, when a gram is 
exposed to light, a silver speck cannot begm to grow until the concentration 
c of electrons reaches the cntical value Cq given by 

Assuming that 100 quanta have to be absorbed by a gram of 10“ ion pairs 
in order that a silver speck shall start to grow, this gives Cy = 10~* and 

A’ = jfc X 270” X 8 log* 10 ~ 0 4 e-volt 

This 18 much less than the work function IF, and suggests that the lowest 
conduction level in AgBr has negative energy, as in fig 1 
The idea of a vapour pressure can hardly be apphed to the silver speck m 
its initial stages of growth, when it would be unhkely to carry a charge (of 
either sign) numerically greater than c In the presence of an electron 
vapour, however, such a speck would contmuously be capturmg and agam 
losmg an electron If the gram is to grow the time average of the charge on 
it must be negative, and to achieve this at any fimte temperature it is clear 
that a certain concentration of electrons must be reached in the hahde speck 

7 — ^Thb rboipbooity law 

As IB well known the developed density D of a photographic image is not 
proportional to the product of the intensity I and the exposure time t, for 

* The problem of an electron gas m thermal equihbrium with an electrode has 
been mvestigated m some detail (of for example, Fowler, 1936) The distance in 
which the density dies away is of the order (jfcr/2wn,e*)l, where n# is the number of 
eleotrons per cm • at the boundary With w, ~ 10‘* this gives S 10"* cm 
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given It, Dm general falle off for low I The reason for this can be understood 
on the basis of the model given above 
We have seen that the electron gas m the silver halide gram must reach 
a certam concentration before the latent image can begin to 

form But while this concentration is formmg the electrons can recombine 
with their ongmal halogen atoms Eventually an equilibrium state is reached 
m which the electrons recombine as fast as they are formed K in this state 
the ooricentration is less than the critical concentration Cj, the latent image 
cannot begin to form 

These ideas may be expressed analytically as follows Consider a smgle 
electron m a hahde grain containmg say 10** ion pairs If it is on one of the 
six metal ions adjacent to a given halogen atom it will recombme with it 
after a time of the order of 10"* sec On the other hand, during its motion 
through the crystal, it will on the average spend only a fraction 6 x 10'^* 
of its life in these six ions If then A is the probability per second that the 
electron and halogen atom recombme 

A'~6x 10“*8ec 


Consider now a gram absorbing Iq quanta per second, then after a tune t 
the number N of electrons and of neutral halogen atoms is given by 


dN - 


■AN\ 


( 1 ) 


the rate of recombination being proportional to the product of the numbers 
of electrons and vacant places The solution of ( I ) is 

W = ^tanh[(/„^)M] (2) 

As N ^{l qjA) Thus, how ever long the exposure, we cannot obtam 
more than a certam concentration of electrons In an ordinary exposure, a 
gram wiU absorb say 100 quanta/sec , and a maximum number of electrons 
of 2 6 X 10* can be reached with the above value of A For very weak 
mtensities the maximum will be much less After the exposure the number n 
of electrons will decrease according to the law '(obtained from (2) with 
/q-O) 


” At + ljn^' 

Pig 6 shows n durmg and after two exposures of equal It, but different I 
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In any emulflion the rate of absorption of light will vary from grain to 
grain, depending on the size and other factors But smce for any grain a 
certain critical concentration must be reached before the latent image can 
form, we are dnven to the conclusion that for any given intensity of lUumm- 
ation only a certain proportion of the grams will ever become developable, 
however long the exposure is continued This is m agreement with experi- 
ments by Toy (1926), who examined the grains of an emulsion mioro- 



Exposure 


Fio 15 — Calculated number (n) of olootrons m a gram (A = i 1 0-‘ sec -^ ) (o) exposure 
of 100 sec , 1 quantum absorbed per sec (6) exposure of 10 sec , 10 quanta abrorbed 
per sec 
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Fio 6 — Exposure (It) required to yield a given developed density as a function of 
intensity (1) The curves shown are theoretical, (a) for high tempieraturee, (b) for 
low temperatures 

scopically after development Another way of expressing the same con- 
clusion 18 to say that, to obtam a given density for given development, the 
mtensity of lUummation (/) must exceed a given value Fig 0 shows the 
type of result we should expect, we plot the value of It necessary to obtam 
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a given density /) on a developed plate, for varying I It will be seen that, 
for I below a given value, the density required cannot be obtained * 
According to the theory outlined above this minimum mtensity should 
decrease rapidly with decreasmg temperature, as shown by curve 6 m 
fig 6 Expenments to test this particular point do not seem to have been 
made, but its correctness is strongly suggested by some results of Webb 
{ 1 93 5 ) on the breakdown of the reciprocity law at low temperatures , W ebb’s 
results are shown m fig 7 Webb does m fact find that for low intensities 
emulsions become more sensitive at low temperatures 



Fio 7 — Exposure required to yield a given density (observed) 


For high intensities it will be seen that raising the temperature increases 
the sensitivity For these intensities there is probably no difficulty in 
reaching the critical concentration of electrons, what is important is that 
the concentration should remam above the critical value long enough for 
electrolysis to take place and for the latent image to form The electrolytic 
conductivity is found to mcrease rapidly with mcreasing temperature (as 
exp(10,000/!r)), and this for high intensities seems to be the determinmg 
factor 

Possibly the decrease m the sensitivity (fig 7) which occurs at low tem- 
peratures as the intensity is raised may be ascribed to the same cause At 
these temperatures and mtensities there is no difficulty about reaching the 
cntical concentration, the important thmg is to give the electrolysis time 
to take place 

Fmally, some rather speculative remarks may be made about the few 
ultra-sensitive grams m fast emulsions which are sensitive to one or two 
quanta 

• These oonolusions depend on the assumption that the halogen atoms do not 
escape from the halide grain before recombination can take place 
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It 18 generally believed that the ripening process m the preparation of 
photographic emulsions leads to the formation of metallic silver in the 
grains Obviously this silver cannot m general be on the surface of the 
grams, or they would be developable (as a few are in over-npened emulsions) 
If, however, a gram contains already a speck of silver m the interior, we 
have to enquire why this does not collect the negative charge released by 
the hght and so grow in size, instead of a new silver speck being formed at 
the surface A possible answer seems to be that, if the mechanism sketched 
in fig 2 for the electrolytic conductivity is correct, and the current is earned 
by excess metal ions, the silver speck cannot grow because there is no room 
for it to do so A silver speck can only grow at the surface where the 
pressure caused by the adsorption of new silver ions can be relieved by the 
whole speck bemg pushed outwards 

If these ideas are correct the effect of silver m the gram will be to mcrease 
the sensitivity, because the silver will give off electrons, and especially just 
near it there will already be a certain electron vapour pressure before 
exposure An ultra-sensitive gram will be one in which a sensitivity speck is 
situated near to a bit of silver embedded m the halide The supenor speed of 
a coarse-grained emulsion will be due to the fact that in a large gram there 
IS a greater surface area and hence a greater probability of such a state of 
affairs occumng 


8— DbVBIiOPMBNT 

It IB not our purpose to review the various theories of development We 
remark here only that if the negative ions of the developer can discharge 
electrons on to any metallic silver present on the surface, then electrolytic 
conductivity must take place m the sohd crystal, m exactly the same way 
as when the electron is placed thete by the action of light Development and 
photolysis may thus perhaps be regarded as giving nse to an exactly similar 
movement of ions withm the hahde crystal 

In order, then, that a developer shall not reduce unexposed grains, we 
must assume the energy level of the negative ion to he between the 
highest occupied level of the metallic silver and the lowest conduction 
level of the AgBr, or, if there are sensitivity specks, of AgjS 
The vahdity of this hypothesis as to the nature of (chemical) development 
IS mdependent of whether the developer is adsorbed to the surfa<}e of the 
latent image silver, as postulated by Rabinowitsch (1934) 
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0 — Hbrsohel SFrsoT 

The developed density of an exposed plate can be lessened (though not 
brought back to the unexposed value) by exposing it to red light (of Hay 
19326), the number of incident quanta of red hght which are necessary is 
about 10^** tunes greater than the number of quanta ot blue hght necessary 
to produce the latent image 

Let us assume that the primary process in the Herschel effect is the 
ejection of an electron from the latent image silver mto the conduction levels 
of the silver-hahde gram As we have seen, the energy hv required to do this 
18 quite low, well below that of red hght Moreover, there are m an exposed 
grain about 10 ^° as many silver-hahde molecules as atoms of silver in the 
latent image, and so, if the absorption coefficients of the two are of the same 
order of magmtude, we should expect that probabihties of absorption of a 
quantum by the latent image and by the hahde gram to differ by a factor 
of this order 

If the effect of the hght is to remove an electron from the silver speck and 
so charge it positively, the latent image can only be destroyed because a 
positive ion is pushed after it by the resulting field The fact that the latent 
image can lose positive ions in this way suggests that it consists of very few 
atoms, one can hardly imagme positive 10ns bemg pushed out of a block 
of massive silver into silver hahde 


PABT III— MECHANISM OP LIGHT ABSORPTION 

10 — Dependence on temperature 

We have assumed up to the present that every absorbed quantum releases 
one electron into the conduction band, basing our assumption on the fact 
that photoconductivity is observed m large crystals Accordmg to expen- 
ments by Lehfeldt (1935) already referred to, each quantum absorbed by a 
silver bromide crystal illuminated at hqmd air temperature releases one 
electron which can be drawn to the anode by an apphed field 

In the alAxilt-halides, on the other hand, this is not the case, no photo* 
conductivity is observed for the charactenstic absorption band (cf. for 
example Pohl 1937) The reason seems to be that m the first charactenstic 
absorption band the hght does not free an electron, but moves it <miy fi^m 
a halogen ion to an unstable position in a neighbourmg metal ion, where it is 
still in the field of the “positive hole”, 1 e of the vacant place from which it 
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came Thus if one illumuiatea m the tail of the charsctenstio absorption 
band, so that the hght can penetrate well into the crystal, one does not free 
any electrons, if on the other hand one uses light of a shorter frequency so 
that electrons really are raised into the conduction band, the ciystal is so 
opaque that only a layer 1 0-« cm or so could be rendered photoconducting 

With alkali-hahde crystals moat of the work on photoconductivity has 
been earned out by illuminating m the J’-band, the F-h&nd seems to be due 
to electrons trapped at a point where a negative ion is missing (of Pohl 
1937, discussion) Even in this case there is rather definite evidence that the 
hght does not eject an electron directly into the conduction band, it raises 
it to an excited state, from which the thermal agitation of the crystal re- 
moves it into the condition band At low temjieratures this does not happen 
before the electron has dropped back to its normal state, as we deduce from 
the fact (I’ohl 1937) that the photo-current drops suddenly by a factor 100 
as we lower the temperature below — 160° C 

In silver halides one can hardly doubt that the absorption near its long- 
wave limit 18 due to the removal of an electron to an unstable position in a 
neighbouring ion only The photoconductivity observed can only be 
explained if we assume that thermal agitation then releases the electron 
into the conduction band If this is the case we should expect a drop m the 
photo-current at low temperatures, and for the same reason a drop in the 
sensitivity of emulsions 

A large drop in the photo-current as the temperature is lowered to 
- 180° 0 has been observed by Toy and Hamson (1930) This result does 
not seem to be compatible with the more recent work oi Lehfeldt (1935) 
mentioned above We are not then able to say at what temperature, if at 
all, the expected drop takes place 

As Hertzfeld (1923) has pointed out, ions situated at the surface of cracks 
absorb hght of lower frequency than ions in the body of the crystal Prob- 
ably the long-wave end ot the absorption spectrum of silver bromide is 
due to cracks, so that electrons will be released in a photographic emulsion 
mainly at the surface of the grains, for hght of not too short a wave-length 


H — Dye aBNsmzATioN 

The dye molecules are adsorbed to the surface of the grams Fig 8 shows 
the way the energy levels must be arranged to give sensitization in the red. 
the light IS absorbed by the dye molecule raising an electron from the 
groimd state A to an excited state B, if this hes above the conduction levels 
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of AgBr, the eleotron can freely move from the dye molecule into the crystal, 
when latent image formation will take place as before 
It has been shown that in the direct photochemical formation of silver m 
sensitized emulsions, one dye molecule can be active m forming as many as 
fifty silver atoms The dye molecule must thus be able to regain its electron 
In such emulsions halogen ions rather than halogen atoms will escape mto 
the gelatine, and from these the dye molecule must regam its eleotron 


Empty levels 
of AgBr 

I B- 




^^^^Fmed||rclsof Br- 


in dye-sensitized emulsions, as for ordinary emulsions, we should not 
expect the hght to remove the electron directly into the conduction band, 
it will remove it mto some excited state in which it is still m the field of the 
molecular ion Thermal motion will complete their separation Smce the 
work necessary to separate them will probably be different from that to 
separate an eleotron and positive hole m the crystal, we may expect the 
temperature dependence of the process to be different from that in an 
unsensitized gram This is discussed further m the next section 


12— Latent image foemation at low tempebatubbs 

A number of authors have mvestigated the dependence of developed 
density on the temperature at the time of exposure Sheppard, Wightman 
and Quirk (1934) find that the speed of a number of emulsions drops by 
about ten on lowering the temperature to that of hquid air They find no 
marked difference m the behaviours of ordinary and dye-senaitized emid- 
Bions Berg and Mendelssohn (1937) have extended these results to hquid 
hydrogen temperature Defining sensitivity as the exposure required to 
give a density of 0 1 above fog it was found for a blue sensitive emulsion the 
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sensitivity at 90° K is 7 %, at 20° K 4 % of that at room temperature For 
a panchromatic emulsion exposed to red hght the fall m the sensitivity was 
much greater, viz to 0 2 % 

It 18 extremely improbable that any motion of ions can take place at 
20° K , and the fact that any sensitivity at all survives at these temper- 
atures suggests that the formation of the latent image silver speck takes 
place after the emulsion is warmed up If this is so, the electrons released by 
the hght must become “ stuck ” in some way m the hahde gram and released 
when it 18 warmed, a process which we know to occur at low temperatures 
in large crystals of silver bromide (cf § 3) 

The drop in sensitivity may be due to two causes 

1 — ^There are not enough places where an electron can be stuck, so that 
some of the electrons released wander round in the crystal till they find 
their original halogen atoms, and recombine with them 

2 — The number of electrons released per absorbed quantum falls below 
unity as the temperature is lowered As we have seen, this is hkely on 
theoretical grounds, and may well account for the difference between 
ordinary and dye-sensitized emulsions The rather contradictory evidence 
for unsensitized silver bromide has already been discussed above 

In conclusion the authors would like to express their thanks to the staff 
of the research laboratory of Messrs Kodaks, Wealdstone, and also to 
Dr J Brentano for many discussions about the experimental matenal 

Summary 

An attempt is made to explain the photolysis of silver halides in terms of 
the concepts of atomic physics The mechamsm by which the silver atoms 
formed by the hght coagulate to form specks of metalhc silver is discussed 
The ideas used m this discussion are then turned to the photographic latent 
image, and are shown to account quahtatively for the variation of developed 
density with temperature, and, for given exposure, with mtensity of hght 
A bnef discussion is given of the Herschel effect, and of sensitization by dyes 
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Self-consistent Field with Exchange for Calcium 
By D R Hartrbe, F R S and W Hartreb 
(Received 22 October 1937) 

1 — Introduction 

The solution of Fock’s equation (Fock 1930) of the self-consistent field 
with exchange has now been earned out for several atoms (Fock and 
Petrashen 1934, 1935 , D R and W Hartree 1935 b, 1936 a, b, c) The 
present paper gives the results of similar calculations for Ca^*-, and their 
extension to some of the more important states of Ca+ and neutral Ca 
Calcium was chosen as the next element for which to do such calculations 
for two reasons Firstly, some of the hues in the arc and spark spectra are 
important m astrophysical apphcations, for which transition probabihties 
are required, it seemed likely that the calculated transition probabihties 
might be appreciably affected by effects of exchange terms on the wave 
functions from which they were evaluated, and on account of their astro- 
physical apphcations it seemed desirable to obtain the best approxi- 
mations to these transition probabilities which are practicable at present 


VoU CLXIV— ' 
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"Secondly, it seemed likely that from the differences between the results 
for the self-consistent field with and without exchange, for Cl~ and Ca'^^', 
it would be jKissible to interpolate the corresponding differences for K+ 
and Ar with adequate accuracy for most purposes Results for K+ were 
requireil for calculatmg X-ray scattering factors more accurate than those 
derived from the results of the self-consistent field without exchange Also 
it seemed that the calculation of the diamagnetic susceptibility of argon, 
and of the difference between the susceptibilities of Na+ and K+, from the 
solutions of Fock’s equation for the respective ions, and the comparison 
of these results with the observed values, might throw some light on the 
differences between the calculated and observed susceptibilities of ions 
Further the solution of Fock’s equations for argon may at any time 
be required for calculation of electron scattering, or of the Auger effect 
It will apjiear later that this interpolation for K+ and Ar cannot be 
made as certainly as was anticipated, but still it seemed that it should 
give a fair approximation to the effect of exchange, and should provide 
fairly good sets of estimates for starting the solutions of Fock’s equations 
for K+ and Ar 


2 — Fock’s equations foe elkctrons outside cdosed groups 

A convenient derivation of Fock’s equations for a configuration con- 
sisting of closed (nl) groujis, by formal differentiation of the expression for 

energy integral -^ = J 'P*HWdT IP* Wt, in terms of radial wave functions, 

with respect to these wave functions has already been given (D R and 
W Hartree 1936 b), and we need only consider the additional features 
ansmg from the electrons outside closed groups 

If E is expressed in terms of the integrals /, F, 0 (in the notation of the 
authors’ previous pajiers, see particularly 1936 b), the contnbutions to E 
can be divided into three groups, namely 
a — Those contributions arising from the core of c losed groups only 
h — ’fhose ansmg from the 1 integrals for the wave functions outside the 
core, and the F and 0 integrals for the interactions between the electrons 
m each of these wave functions and those of the core 
c — The F and G mtegrals arising from the mteractions between the 
electrons m the outer wave fimctions 


We will consider first a single electron outside a core of closed groups, 
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and write {nl) for the wave function of the outer electron, and (n'l') for 
those of the core 

The contnbutiona to the energy in group a do not give any terms in 
Fock’s equation for the (nl) wave function, and, for one outer electron 
only, there are no contributions m group c The contributions m group b 
can be obtained as follows It is known that both the Coulomb and ex- 
change interactions between an electron m an (nl) wave function and a 
complete (n'l) group are independent of the other quantum numbers of 
the (ni) wave function (Condon and Shortley 1935, Chap 6, § 9, formula 
(11)) and hence arc l/2(2Z-(-l) times those for the interaction between 
complete (nl) and (n'l) groups These contributions to the mteraction 
between complete groups have been tabulated m a previous paper (D R 
and W Hartree 1935 h, Table I b), and using these results, we have for the 
contnbutiona in group 6, for a single electron outside closed groups, 

I(nl) + i:,t[2(2l+l) Wn'O- (nZ,n7')] (1) 

where the coefficients Bn ^ are those previously tabulated 
Now I(nl) 18 also 1/2(21+ 1) times the corresponding contnbution to E 
from a complete (nl) group, hence the ratios of the coefficients of the terms 
in ( 1 ) are the same as for a complete (nl) group Thus, when Fock’s equation 
for the (nl) radial wave function P(nl) is formed by formal differentiation 
of (1) with respect to P(nl), the coefficients of the terms ansmg from 
Coulomb and exchange mteraction between the outer election and the 
core are the same as for a complete (nl) group already given (D R and 
W Hartree 19366, formulae (12)-(14)) There are now no terms arising 
from interaction within an (nl) group, hence Fork’s equation for a single 
(nl) wave function outside closed groups is 

^ni^:inrF(nTlr)^0, (2) 

where 

r 2(2Z' + 1) F„(nT, n'l | r)] - e,,; (3) 


:2 + “ jU ~ ~2~ ’ 


W 


T(r) being the total 2Zp of the field of the nucleus and the Sohrodmger 
charge chstnbution of the core, namely (cf D R and W Hartree 19366, 
P 61) 

T(r) =. 2[iV - r 2(2Z' 1 ) Y^(n'l, n'l | r)] 

= 2C' + i7„f4(2Z'-|-l)[l- Fo(nT,nT|r)], (6) 
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where C is the net charge on the core, and 


’ Y,{ra,n'l) 

'*2/+! r 


(w'/n), 


( 6 ) 


tjt _ y ^Uk ^ ^ ) n' ^ n 


(7) 


the coefficients being those already tabulated (D R and W Hartree 
19366, Table 16) 

For a confirmation of two or more electrons outside closed groups, the 
contnbutions to the energy in group 6 similarly give the same contri- 
butions (3), (6), (7) to Fock’s equations for the outer wave functions In 
addition there are the contributions to the energy m group c and the 
corresponding terms in Fock’s equations For many simple configurations 
these contributions to the energy can be written down at once from the 
results given by Slater (1929) or their extension by Condon and Shortley 
(1935 Chap 7, §6), or, if not already available, they can be obtained by 
Slater’s method (1929) for any configuration which gives only one terra for 
each (L,S) From the contributions to the energy the contributions to 
Fock’s equations can be written down by formal differentiation with respect 
to each {nl) rachal wave function using results already given (D R and W 
Hartree 19366, formulae (7)-(10)), and dividing by the number of corre- 
sponding (nl) wave functions (if more than one) 

For approximate results, it will probably be sufiBciently accurate to 
neglect the perturbation of the core by the outer electrons If it is required 
to take this perturbation into account, the contribution to Fock’s equations 
for the core wave functions, arising from mteraction between the core and 
the outer electrons, are found by differentiating the energy contributions m 
group 6 with respect to the core wave functions It is found that in 
Fock’s equation for the (n'l') core wave function, each (nl) outer wave 
function contributes terms which are 1/2(2/ -j- 1) times those for a complete 
group 

For a configuration of complete groups, it is always possible to make 
hnear transformations of the radial wave functions so as to reduce the non- 
diagonal Lagrange multipliers e„, „i(«V») m (4) to zero But, as pointed 
out for a simple case in a previous paper (D R and W Hartree 19360, 
pp 694-6), for a configuration including some incomplete groups this is 
not in general possible, since if either the (nl) or the (n'l) group is moom- 
plete, a linear transformation of the radial wave functions does not leave 
unchanged the determinant for the wave function of the whole atom 
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Hence only those non -diagonal parameters ; for which (n'l) and (»*/) 

are both core wave functions can be reduced to zero, those involving an 
outer wave function must be retained and adjusted to satisfy the conditions 
of orthogonality of the outer wave functions to the core wave functions and 
to one another 


3 — Process of solution of Fock’s equations for calcium 

Solutions of Fock’s equations have been earned out for the normal state 
of the argon-like ion Ca++, for the (4s), (4p), and (3d) states of Ca+, and for 
the (4s)* and (48) (4p)*P and *P states of neutral ('a The three states of 
Ca+ for which calculations were made are the three lowest states, and 
the most important for the astrophysicai application of the results, and 
also the most interesting physically from the point of view of the relative 
energies of (4«) and (3d), and the relation of this to the place in the jienodic 
table at which the transition elements of the iron group begin For the 
(48) (4p) configuration of the neutral atom, the evaluation of the solution 
of the equations is easier for the *P state, but the transition gives an 
astrophysically important line (A =* 4227), and it seemed worth while to 
attempt the calculation of the ^P state also 

The procedure used for the evaluation of the solution of Fock’s equations 
for Ca++ was very similar to that already used for CI~ and Cu+ (D R and 
W Hartree 1936^, §3, and 1936c, §2), the equations are the same as for 
Cl“ except for the change in the value of the atomic number N The lomc 
charge -f- 2, and the consequent comparative insensitiveness of the wave 
functions to small changes m the estimates, made the work markedly 
easier than that for the more sensitive structures Cl~ and Cu+ The initial 
estimates of the Z^(nl, n'l') functions were based on the result of the self- 
consistent field without exchange (D R andW Hartree 1935 a) differences 
between these Z functions for the self-consistent field with and without 
exchange were estimated roughly from the correspondmg differences for 
Cl" and Cu’*' Four successive approximations (one concerned with (3p) 
only) were required to obtain results self-consistent to the order of accuracy 
attained in the solution of Fock’s equation for other atoms For Ca+ and 
neutral Ca, the perturbation of the Ca++ core by the outer electrons was 
neglected, as the amount of work mvolved in the calculation of the outer 
wave functions was already very considerable this perturbation is bkely 
to be small, except perhaps for configurations involvmg (3d) 

For the self-consistent field without exchange, the calculation of the (rU) 
wave function of a single senes electron m the field of the core regarded as 
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given needs no estimates (except that of But since in Fock’s equations 

the Z^(nUn'l') functions in the exchange terms between the (rei) wave 
function and the core involve this wave function, it (or the set of exchange 
terras involving it) has to be estimated before the integration is begun * 

For each state of Ca+ the outer (nl) wave function, calculated without 
exchange, was taken to provide the first estimates of the vanous Z^(nl, n'V) 
functions, and these were subsequently improved by a process of suc- 
cessive approximation 

In the derivation of Fock’s equation for an (nl) outer wave function, it 
18 supposed that this wave function is orthogonal to the core (n'l) wave 
function with the same /, and the non-diagonal Lagrange multiphers , 
are introduced to enable this condition to be satisfied Actually it was 
found unnecessary to use non-zero values of these parameters, either for 
(4s) or (4p), since the wave functions calculated without them were already 
orthogonal to the relevant coie wave functions, to the accuracy of the 
calculations For (3d) there are no core wave functions with the same I, so 
the question of orthogonality to them does not arise 

For neutral Ca, the (48)* configuration consists of closed groups and there 
are no exchange interactions within the (4«)* group, hence the equation 
can he derived from that for Ca+ (4«) by the addition of the term in T(r) 
(cf formula (6)), arising from the Coulomb interaction between the two (4s) 
electrons 

For the configuration (48) (4p), the terms in the equation ansing from 
the interaction between the (4s) and (4p) electrons ran be written down from 
the corresponding terms for the (2s) (Zp) configuration of Be, by suitable 
changes of the quantum numbers Thus, for normahzed wave functions, 
these equations are 


L.r 2ro(ws,4s) 




1p(«s)-t- i ?^J^P(np) 


2 ri(4s, 4p) 


-3 


P(ip) = 0, (8) 


* Alternatively, Fork's equation for the (nl) outer wave function can be solved 
as an mtegro differential equation, this process wouhl involve the evaluation of a 
definite integral over the range 0 to oo for eewh step of the integration, and seems 
more elaborate than solution by successive approximation, using estimates of the 
Z),('nl, n'l') functions Another alternative would be to use a modification of Tor- 
rance’s method (Torrance 1934, for the application of this methcsl to Fock’s equation, 
see D B and W Hartree 19356 , § 6 ) 
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, 2 Y,(4s,4p ) 
^3 r 


P(4«) = 0, 


( 9 ) 


the upper sign referring to the triplet ami the lower to the singlet state 

The process of solution of these equations follow'ed much the same lines 
as that for the corresponding states of Be, apart from the use of normalized 
wave iunctions throughout the present work On account of the much 
larger number of Z^{nl, n'V) functions expressing the interaction of each 
{nl) outer wave functions with the (n7') wave func tion of the core, the work 
was much heavier than for Be, even though the work for Be gave some 
indication of the likely effects of exchange terms, and helped in making 
the initial estimates As for Be, the calculations were much more trouble- 
some for the state than for the *P state, on account of the repulsive effect 
of the exchange terms for the singlet state The numbers of steps of suc- 
cessive approximation were three, five, and eight for the (45)*, (4fl) (4^)-*? 
and (4«) (4p) ‘P states respectively 

It was not found possible to make the outer wave func tions orthogonal 
to those of the core without introducing non-zero values of the non-diagonal 
Lagrange multipliers, though the values reqmred are small Their intro- 
duction makes the work more troublesome, and the course of the work 
showed that there was no object in mtroducing them until a close approach 
to a self-consistent solution has been obtained without them 


4 — Results of Ca+-*- 

The results for Ca+ + are given in Tables I-III m the same form as for 
other atoms for which similar calculations have been made Table I gives 
the normalized radial wave functions for Ca++, the third decimal in the 
tabulated values of F(nl) should be reliable to a unit throughout Table II 
gives the corresponding contributions to Z and the total 2Zp, and Table III 
the radial charge density U (r) calculated with and without exchange, and 
the difference 

Comparison of the differences between the wave function calculated 
with and without exchange, with the corresponding differences for Cl" 
showed one surprising feature 
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Table I — Ca++ Normalized wave kunctions 


r (U) 

0 174 7j 

0 005 168 1 

0 010 143 1 

0 016 129 6, 

0 020 117 3 

0 026 106 2 

0 030 96 2 


0 0 000 

0 01 1 431 

0 02 2 346 

0 03 2 886 

0 04 3 166 

0 06 3 240 

0 06 3 194 

0 07 3 063 

0 08 2 880 

0 10 2 439 

0 12 1 986 

0 14 1 676 

0 16 1 227 

0 18 0 943 

0 20 0 716 

0 22 0 540 

0 24 0 404 

0 26 0 301 

0 28 0 224 

0 30 0 166 

0 35 0 078 

0 40 0 037 

0 46 0 017 

0 60 0 008 

0 65 0 003, 

0 60 0 001, 

0 7 

08 — 

0 9 

1 0 
1 1 

I 2 — 

1 4 — 

1 6 _ 

1 8 — . 

2 0 — 


Table of Pjr/r'+‘ 
(2a) {2p) 

SO 73 248 3 

45 86 236 2 

41 36 224 8 

37 21 214 0 

33 39 203 8 

29 86 194 1 

26 60 184 9 

Table of Py 

0 000 0 000 

0 414 0 022, 

0 668 0 081 

0 798 0 166 

0 834 0 269 

0 799 0 382 

0 711 0 501 

0 586 0 622 

0 436 0 741 

0 094 0 967 

-0 260 1 166 

-0 693 1 333 

-0 890 1 466 

- 1 141 1 566 

- I 344 1 636 

- 1 500 1 878 

- 1 614 1 696 

- 1 688 1 694 

- 1 730 1 675 

-1 743 1 641 

-1883 1 516 

- I 538 1 352 

- 1 354 1 177 

- 1 159 1 006 

-0 972 0 846 

-0 801 0 704 

- 0 526 0 473 

-0 334 0 310 

- 0 207 0 200 

-0 127 0 127 

- 0 077 0 080 

-0 047 0 060 

-0 017, 0 020 

-0 007 0 008 

-0 003 0 003 

-0 001 0 001 , 


(3») (3j)) 

17 46, 81 34 

16 78 77 40 

14 22, 73 66 

12 79 70 10 

1 1 46, 66 72 

10 24 63 52 

9 11 60 48 


0 000 0 000 

0 142 0 007 

0 229 0 027 

0 273 0 054 

0 284 0 088 

0 270 0 126 

0 238 0 163 

0 192 0 201 

0 1 37 0 239 

0 014 0 308 

- 0 1 1 1 0 366 

-0 227 0 411 

- 0 326 0 442 

-0 404 0 458 

-0 463 0 462 

- 0 600 0 454 

-0 517 0 436 

-0 617 0 408 

-0 601 0 372 

-0 471 0 330 

- 0 360 0 204 

-0 188 0 061 

- 0 006 - 0 089 

+ 0 178 -0 235 

0 363 -0 371 

0 511 -0 496 

0 763 -0 697 

0 927 - 0 836 

1012 -0 918 

1 036 - 0 964 

1 016 -0 966 

0 963 -0 929 

0 814 -0 832 

0 651 -0 708 

0 501 -0 682 

0 376 -0 460 
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Table I — continued 
Table of Pv 


r 

(1^) 

(2s) 

(2p) 

W 

(3p) 

22 



-OOOOj 

0 OilOs 

0 275 

-0 367 

24 

- 

— 

— 

0 1B9 

-0 286 

2 6 



— 

0 142 

-0219 

28 




0 100 

-0 166 

30 

— 

- 


0 070 

-0 125 

3 2 

— 

- 


0 049 

-0 094 

34 

— 



0 033 

- 0 070 

36 

— 



0 023 

-0 062 

38 


- 


0 015j 

-0 038 

40 

— 

- 


0 OlOj 

-0 028 

4 6 

— 

— 


0 004 

-oon 

6 0 




0 001, 

-0 006 

6 5 

— 


- 

0 W\ 

-0 002, 

60 



- 


- 0 tHll 

66 

- 


- 

— 

- 0 000, 

em n( 

299 9 

34 76 

28 37 

5 5’)7 

3 766 

Considenng a given 

configuration 

for atoms of different 

atomic number 


N, and comparing corresponding radii in the different atoms (for example, 
the radii at the jinnciiial maximum of | P(3p) |), it would bo expected that 
the effective nuclear charge Z at this point would vary like N -a, where a 
IS some screening number nearly independent of N, whereas the non- 
diagonal “exchange ” Z^ functions would lie approximately the same, hence 
the relative importance of the exchange and Coulomb forces would be 
expected to vary as l/(N — a), so that the effect of exchange terms would 
increase with decreasing N and so be greater for Cl“ than for Ca+ ' This 
expectation is fulfilled for all the core wave functions except for the (3a) 
wave function m the neighbourhood of its main maximum, over a con- 
siderable range in this region the difference between the wave functions, 
calculated with and without exchange, for Cl- is numerically smaller than 
for C’a^+ or even of the opposite sign This result seemed at first to suggest 
an error in the results for Cl" , but later work on K+ and Ar, of which the 
results will be given m a separate paper, confirmed this unexpected be- 
haviour 

This behaviour is another aspect of the small net effect of exchange on 
the (3a) wave function of Cl", of which a quahtative explanation has already 
been given (D R and W Hartree 19366, p 68) It suggests that the 
variation, with atomic number N, of the differences between the wave 
functions calculated with and without exchange is far from linear in this 
region, and a considerable departure from linearity may also be expected 
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Table II — Ca++ Contributions to Z and total 2Zp 
2{21+l)[l-Z,(nl.nllr)] 


r 

(1«) 

(2.) 

(2i») 

(3*) 

(3p) 

2Z^ 

0 

2 000 

2 000 

6 000 

2 000 

6 000 

40 00 

0 005 

1 998 

2 000 

6 000 

2 000 

6 000 

39 20, 

0 010 

1 985 

1 999 

6 000 

2 OOO 

6 000 

38 43 

0 015 

I 956 

1 996 

6 000 

2 000 

6 000 

37 67, 

0 020 

1 910 

1 992 

6 000 

1 999 

6 000 

36 94, 

0 025 

1 847 

1 988 

6 000 

1 999 

6 000 

36 24, 

0 030 

1 770 

1 982 

5 999 

1 998 

6 000 

36 67 

0 04 

1 686 

1 968 

6 996 

1 996 

6 000 

34 32 

0 06 

1 379 

1 954 

6 990 

1 996 

5 999 

33 18 

0 06 

1 170 

1 943 

6 978 

1 993 

6 998 

32 13 

0 07 

0 973 

1 934 

6 969 

1 992 

5 996 

31 16 

0 08 

0 797 

1 929 

6 931 

1 992 

5 993 

30 25, 

0 10 

0 612 

1 926 

5 843 

1 992 

5 984 

28 69 

0 12 

0 315 

1 925 

6 706 

1 991 

5 970 

27 07, 

0 14 

0 188 

1 917 

6 617 

1 990 

5 962 

26 67, 

0 16 

0 110 

1 896 

6 281 

1 987 

6 930 

24 37 

0 18 

0 063 

1 863 

6 004 

I 982 

5 906 

23 16, 

0 20 

0 035 

1 791 

4 696 

1 974 

6 880 

22 04, 

0 22 

0 020 

1 709 

4 365 

1 966 

5 856 

21 02 

0 24 

0011 

1 612 

4 023 

1 966 

6 831 

20 07, 

0 26 

0 006 

1 603 

3 678 

1 944 

6 809 

19 21 

0 28 

0 003 

1 385 

3 336 

1 933 

5 791 

18 42, 

0 30 

0 001, 

1 265 

3 006 

1 924 

6 776 

17 71 

0 35 

0 000, 

0 968 

2 264 

1 907 

6 764 

16 18, 

0 40 

— 

0 707 

1 635 

1 899 

6 748 

14 93, 

0 45 

— 

0 497 

1 155 

1 898 

5 747 

13 89 

0 50 

— 

0 338 

0 797 

1 897 

6 739 

12 97, 

0 55 

- 

0 226 

0 540 

I 889 

6 711 

12 16, 

0 60 

— 

0 147 

0 360 

1 870 

6 664 

11 41 

0 7 

— 

0 069 

0 164 

1 786 

6 436 

10 06, 

0 8 

— 

0 023 

0 064 

1 641 

5 079 

8 89 

09 

— 

0 008 

0 026 

1 451 

4 613 

7 88 

1 0 

— 

0 003 

0 010 

1 239 

4 084 

7 03, 

1 1 

— 

0 001 

0 004 

1 028 

3 634 

8 34, 

1 2 

— 

— 

0 001, 

0 831 

3 000 

6 79 

1 4 

— 

— 

— 

0 611 

2 069 

6 01, 

1 6 

— 

— 

— 

0 296 

1 343 

4 66, 

1 8 

— 

— 

— 

0 163 

0 843 

4 30, 

20 

— 

-- 

— 

0 087 

0 613 

4 16, 

2 2 

— 

— 

— 

0 045 

0 305 

4 08, 

2 4 

— 

— 

— 

0 023 

0 177 

4 04, 

2 6 

— 

— 

— 

0 011 

0 102 

4 02, 

28 

— 

— 

— 

0 006, 

0 067 

4 01, 

30 

— 

— 

— 

0 002, 

0 032 

4 00, 

32 

— 

— 

— 

0 001 

0 017, 

4 00, 

3 4 

— 

— 

— 

0 000, 

0 009 

4 00, 

36 

— 

— 

— 

— 

0 006 

4 00, 

38 

— 

— 

— 

— 

0 002, 

4 00, 

4 0 

— 

— 

— 

— 

0 001 

4 00, 
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Tablk III — Ca++ Chabqe distributton Total radial density 


?7(r) = r^2(2i+ l)Pi^(nZ|r) caltdlated by self-consistent field 


(a) WITHOUT exchange. 

(6) WITH 

EXCHANGE, \ND 

THE 

DIFFERENCE 

(6) -(a) 

U{r) 

U(r) 

SU{r) 


U{r) 

U(r) 

W{r) 

r 

( a ) 

(6) 

(6H«) 

r 

( a ) 

(6) 

(6 Ha ) 

0 000 

0 

0 

0 00 

0 36 

20 04 

19 93 

-0 U 

oooa 

1 37 

1 37 

000 

0 40 

16 09 

15 79 

-0 30 

0 010 

4 47 

4 48 

0 01 

0 46 

12 34 

12 01 

-033 

0*016 

8 26 

8 26 

001 

0 50 

9 36 

9 14 

-0 22 

ooso 

12 03 

12 05 

0 02 

0 56 

7 27 

7 25 

-0 02 

0 026 

16 42 

16 44 

0 02 

0 60 

6 04 

6 24 

-(-0 20 

0 030 

18 23 

18 25 

0 02 





0 04 

21 93 

21 96 

0 03 

07 

6 39 

6 97 

0 58 

0 06 

23 36 

23 39 

0 04 

08 

6 95 

6 71 

0 76 

0 06 

23 16 

23 20 

0 06 

0 9 

6 68 

7 43 

0 76 

0 07 

22 02 

22 00 

0 07 

1 0 

7 13 

7 74 

0 61 

0 08 

20 64 

20 64 

010 

1 1 

7 17 

7 68 

041 





1 2 

6 86 

7 06 

0 21 

0 10 

17 86 

18 08 

0 22 





0 12 

16 63 

17 01 

0 38 

1 4 

6 60 

5 49 

-0 11 

0 14 

16 93 

17 45 

0 62 

1 6 

4 16 

3 85 

-0 31 

0 18 

18 23 

18 87 

0 64 

1 8 

2 90 

2 53 

-0 37 

0 18 

19 97 

20 68 

0 71 

20 

1 94 

1 69 

-0 36 

0 20 

21 67 

22 40 

0 73 

22 

1 25, 

0 96 

-0 29, 

0 22 

23 01 

23 71 

0 70 

24 

0 79 j 

0 67 

-0 22, 

0 24 

23 86 

24 47 

0 62 

26 

0 49, 

0 33 

-0 16, 

0 26 

24 12 

24 03 

0 61 

28 

0 30 

0 18, 

-0 11, 

0 28 

23 88 

24 25 

0 37 

30 

0 18 

0 10, 

-0 07, 

0 30 

23 17 

23 39 

0 22 

32 

0 11 

0 06 

-0 06 





3 4 

0 06, 

0 03 

-0 03, 





36 

0 04 

0 02 

-002 





38 

0 02 

0 01 

-001 





40 

0 01 

0 00, 

-OOOi 





42 

0 00, 

— 

-0 00, 


in the outer part of the (3p) wave function, though it is not shown in the 
same way, this non-lmeanty is the reason for the difficulty, mentioned m 
§ 1, of interpolating these differences for K+ and Ar from those for Ca+ + 
and Cl- 


6 — Results fob Ca+ Wave functions 
Table IV gives the normahzed radial wave functions P{nl | r) for the three 
states of Ca+, namely (4a), (4p) and (3d), for which calculations have been 
made, the third decimal m the tabulated values should be reliable to 1 umt 
The wave functions, calculated with and without exchange, are shown 



178 

D R Hartree and W Hartree 



Tablb IV — Ca+ 

Normalized wave ytrvoTioNa 



roB 

SERIES BLKOTBON 



Table of 


r 

(4«) 

(4p) 

(3d) 

0 

4 852 

10 51 

23 49 

0 005 

4 385 

18 66 

22 72 

0 010 

3 063 

17 86 

21 98 

0 015 

3 554 

16 80, 

21 27 

0 020 

3 186, 

16 99, 

20 60 

0 026 

2 846 

15 23 

19 95 

0 030 

2 630 

14 50 

19 33 



Table of Py 


0 

0 

0 

0 

0 01 

0 039, 

0 002 

0 0000 

0 02 

0 064 

0 006, 

0 0002 

0 03 

0 076 

0 013 

0 0006 

0 04 

0 079 

0 021 

0 0012 

0 05 

0 076 

0 030 

0 0021 

0 00 

0 066 

0 039 

0 0035 

0 07 

0 053 

0 048 

0 0062 

0 08 

0 038 

0 057 

0 0074 

0 10 

0 003 

0 073 

0 013 

0 12 

-0 032 

0 087 

0 020 

0 U 

-0 064 

0 098 

0 028 

0 16 

-0 091 

0 106 

0 038 

0 18 

-0 113 

0 108 

0 049 

0 20 

-0 128 

0 109 

0 061 

0 22 

-0 138 

0 107 

0 074 

0 24 

-0 142 

0 102 

0 088 

0 20 

-0 141 

0 094 

0 102 

0 28 

-0 136 

0 085 

0 116 

0 30 

-0 126 

0 076 

0 131 

0 36 

-0 090 

0 043 

0 170 

0 40 

-0 042 

0 008 

0 208 

0 46 

+ 0011 

-0 029 

0 246 

0 50 

0 063 

-0 064 

0 282 

0 55 

0 112 

-0 097 

0317 

OflO 

0 164 

-0 126 

0 360 

0 7 

0 216 

-0 168 

0 407 

0 8 

0 246 

-0 194 

0 454 

09 

0 247 

-0 202 

0 492 

1 0 

0 226 

-0 196 

0 621 

1 I 

0 188 

-0 179 

0 642 

1 2 

0 139 

-0 153 

0 667 

1 4 

0 021 

-0 086 

0 574 

1 6 

-0 103 

-0 004 

0 677 

1 8 

-0 220 

+ 0 079 

0 672 

2 0 

-0 322 

0 160 

0 661 

2 2 

-0 408 

0 235 

0 646 



179 


Self-conai8tent Fteld mth Exchange for Calctum 


Table IV — continued 

Table of P, 


r (4«) 

2 4 - 0 476 

2 6 - 0 526 

2 8 -0 669 

3 0 - 0 679 

3 2 -0 686 

3 4 - 0 684 

3 6 -0 574 

3 8 -0 657 

4 0 - 0 636 

4 6 -0 466 

6 0 -0 389 

6 6 -0 316 

6 0 - 0 249 

6 6 -0 193 

7 0 -0 147 

8 -0 081 

9 -0 043 

10 -0 022 , 

11 -0011 

12 -0 006 , 

14 -0 001, 

16 - 0 000, 

18 — 

e„,, „i 0 8296 


(4p) (3d) 

0 302 0 628 

0 361 0 608 

0 410 0 487 

0 451 0 464 

0 481 0 441 

0 604 0 417 

0 519 0 393 

0 627 0 369 

0 629 0 346 

0 511 0 289 

0 471 0 238 

0 419 0 193 

0 363 0 164 

0 307 0 121 

0 264 0 096 

0 168 0 066 

0 106 0 032 

0 064 0 018, 

0 038 0 010 

0 021, 0 006, 

0 006, 0 001, 

0 002 0 000 , 

0 000 , — 

0 6193 0 6669 


graphically m fig 1 This figure shows strikingly the very large effect of the 
exchange terms on the {3d) wave function, compared with their effect on 
the (4«) and {4p} functions, for {4s) and {4p) the exchange terms form a 
comparatively small proportion of d’‘P{nl)/dr^ over most of the range, 
whereas for (3d) they form the mam contribution to d^Pjdr^ in the neigh- 
bourhood of the mam maximum, so that the shajies of the curves of P{3d), 
calculated with and without exchange, are quite different 

The inset in fig 1 shows the charge distribution of the Ca+ + ion on the 
same scale of r, and is included to show how the radial scale of the (3d) 
wave function is related to that of the core, as calculated without exchange, 
the (3d) wave function hes mainly well outside the core, corresponding to 
a “non-penetrating” orbit of the orbital atomic model, the effect of ex- 
change IS to pull it in considerably and make its dimensions very mqch more 
hke those of the core wave functions with n = 3 

Another aspect of this large effect of exchange on the (3d) wave function 
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18 shown by the following values referring to the normalized wave functions 
at the ongin 

(4a) (4p) (3d) 

Lt r c t exchange ) 1 ^^2 q ggg 2 182 

r->oL^’(8 c f without oxchange)J 



Fin 1 — Normalized radial wave fiuictiona for sonos electron for {4a), (4p) and {3d) 
Htates of ra+, calculated with exchange (full line) and without exchange (broken 
line) Inset below, radial distribution of charge of Ca++ core, on same scale of r 


Since spin and hyperfine structure separations depend mainly on the 
normalized for small r, values of these quantities for (3d), calculated 
from the wave functions with and without exchange, would differ by a 
factor of nearly 6 
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0 — Results for Ca+ Enerof values 

Consider an atom consisting of a core of closed shells and a single senes 
electron m an (nl) wave function If is the contribution to the 

energy from the I, F, G integrals involving core wave functions only, the 
total energy of the system is 

^oorc + Hrd) + E, , [2(2r + l)F,(nl, n'l') - - , G,{rd, n7')] , 

whereas that of the lomzed system consisting of the core only is just 
If the perturbation of the core by the senes electron is neglected, the two 
values of are exactly equal and the energy of the [core + (ni)] 
state, relative to the normal state of the < ore as zero, is 

E, = i(nZ) + 1 ,, , [2(2r + 1 ) Eo(nZ, nT) - ^ ^ ^ 0* {nl, nT)j ( 1 0) 

Now I{nl) = - P(nl)\jy, + '^-- ‘ P{nl) dr 

and substituting for the second factor in the integrand from (2), (3), (6), (7) 
and oismg the projierty oi orthogonahty between the {nl) outer wave 
function and the core wave functions of the same /, we find 

2«i = -C./»i (11) 

Thus if the senes electron wave functions are calculated from Fork's 
equation, and made orthogonal to the appropriate core wave functions, the 
diagonal parameters give directly the negative energy values in Rydbergs 
(since 1 Rydberg = ^ atomic unit of energv) This is a result previously 
quoted (D R and W Hartreo 1936a, p 005) without proof 

In Table V the values of e„, are compared both with the observed 
values of vjR and with the values of ^ for the self consistent field 
without exchange, 111 the latter case the values ot e,^ do not give directly 
the values of 2Ei, but the rather elaborate calculations reqmred to obtain 
values of 2 Ei from them (cf McDougall 1932) have not been earned out 

Table V — Ca+ ENtRoiEs 

Fock’s Without 

fMjuation exchange Ohs 

e«, n, e„, vIR 

4« 0 829» 0 763 0 8725 

4p 0 019 0 669 0 642 

3d 0 666 0 507 0 748 
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The change in the value of brought about by the inclusion of 
exchange terms is considerable, and suggests that exchange effects have a 
considerable part in determining the value of N for which the binding of a 
(3d) electron becomes stronger than that of a (4s), and so in determining 
the position of the beginmng of the group of transition elements in the 
penodic table 


7 — Ca+ Tbansition probabilities 

Approximate calculation of transition probabilities for the (4p)-(3d) and 
(4p)-(4a) transitions of Ca+ were made some years ago by Zwaan ( 1929 ), 
using a form of Jeffreys ( 1924 ) method for the approximate solution of the 
wave equation and takmg an empirical field adjusted to make the e para- 
meters of the one-electron wave functions in this field agree with the observed 
energy levels of the optical and X-ray spectra McDougall ( 1932 , footnote 
on p 575) showed that this use of an empirical field to reptoduce the 
observed energy levels of the optical spectrum would not necessarily 
give the best wave functions for the senes electron, and that wave functions 
calculated, even without exchange, in the self-consistent field of the core 
would in many cases jirovide a better approximation Also Zwaan’s'wave 
functions ( 1929 , Table VI) do not appear to have the nght behaviour near 
the origin, and the method of « alculating them was rather rough Hence a 
revision of the calculated transition probabihties, using the best available 
wave functions, seems to be called for 

The matnx elements of r, calculated (o) from the solution of Fock’s 
equation, (b) from the wave functions without exchange in the self-consistent 
held ol the core, and (c) by Zwaan, are given in 'Table VI 


I rPiis) P(ip) dr 
Jo 

r rP{4p) P{4d) dr 
^1 


Table VI 
(O) (b) 

-3 93 -4 28 

2 63 4 08 


(c) 


- 3 80 


atomic units 


2 60 


In order to obtain the observed energy values for the optical terms, Zwaan 
had to use a field which, for large r, is considerably greater than the self- 
consistent field of the core This difference might be and indeed used to be, 
twcnbed to the polanzation of the core by the senes electron, but it is now 
recogmzed that exchange effects between the outer wave function and the 
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core wave functions make appreciable contribution to the energy values for 
the senes electron (cf McDougall 1932), and that therefore the energy 
values of a single electron in a static field should certainly not correspond 
exactly with the energy levels of the actual atom However, for the wave 
function of the senes electron, the exchange terms m the equations from 
which they are denved have quahtatively the same effect as an additional 
attractive field, but the rather close quantitative agreement between 
Zwaan’s values in Table VT and those calculated from the wave functions 
of this paper appears actidental 

It IS convement to use the concept of Ime strengths introduced by Condon 
and Shortley (1935, Chap 4, § 7) as an mtermediate step m the calculation 
of transition probabihties The total strength of the multiplet (cf Condon 
and Shortley 1935, Chap 9, §2) ansmg from the transition (nl)-(n'l') in 
a one-electron sjiectrum is defined as 


Now using Sugiura’s result (Sugiura 1927, p 113, formula followmg (4)), 

mfctm I J I 

= [Max(l, r )] I J JrP{nl ) P{n'l ' ) dr | * (V = I ±\) 

(the radial wave functions being normalized), and the sum over m' 
introduces a factor 2, hence 

S{nl,n'l') = 2 [mx{l,l')]^j°"rP(nl) P{n'l')dr^^ (12) 


This result can also be obtained as a special esse of formula (3) of Condon 
and Shortley (1935, Chap 9, §3) 

To convert this result mto formulae for oscillator strengths J or transition 
probabilities A it is necessary to specify which state is the uppermost We 
will take {n'l') to be the upper and (nl) the lower state Then the total 
oscillator strength for the transition is 


f(nT, nl) 


1 vS{nT,nl) 

3B 2 ( 21 + 1 ) 


(see Condon and Shortley 1935, Chap 6, §9, formula (1)), where v is the 


Vol CLXIV— A 
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frequency associated with the transition, and B is the Rydberg frequency, 
whence from (12) 

fin’l'M) = 

The oscillator strength / is a pure number, and in this result it is assumed 
that S and r are expressed in atomic units 
The statistical weight of the upper (n’V) state is 2(2Z' + 1), and hence, 
following the argument heading to formula (3) of Condon and Shortley 
(1935, Chap 4, §7), we have for the sjiontaneous transition probabihty 
1 64n*i^ 


if, as in formula ( 14), S is expressed in atomic units (ea)® Now 


-(«!)* = 2 66 JO* sec - 


(Condon and Shortley, 1935, Chap 5, §6, formula (5)), hence 

A(nT,n() = 2 66 V(nOP(nT (14) 

In calculatmg values of / and A from (13) and (14), one could use either 
observed values of v for the transitions, or calculated values denved from 
the calculated energy levels The calculated values of v and of 

P(nT)dr 

are both based on an approximation, and, as far as we know, there is no 
reason to exjiect the effects of the approximation on the (vjRf factor to 

compensate for the effects on the |J rP{nl) P{n'l')dr\^ factor, hence it 

seems best to use the observed values of v/R 
Values of/ and A for the two transitions (4p)-(4«) and (4p)-(3d) calcu- 
lated from the results of this paper using the observed values vjB are given 
in Table VII, the values of yjB derived from the energy levels calculated 
with exchange are also given 

Tabus VII 

Obs Calc 

Transition I I' v/B vjR S / A 

(4pH4«) 0 1 0 230, 0 210^ 30 9 1 19 1 86 10« see 

(4pH3d) 2 1 0 106 0 047 27 7 0 098 1 46 10’ sec -> 
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8 — Neutral Ca Wave functions and energies 

The wave functions for the three states of neutral Ca for which calcu- 
lations have been made are given m Table VIII, the third decimal in the 

Table VIII — Neutral Ca Normalized wave fitnctions 

Table of 

r (4«)* state (4m) (4 p ) “P state (4«) (4p) ip state 


(4«) 

(4«) 

(*/•) 

(48) 

(4p) 

0 00 

4 11 

4 28 

16 27 

4 92 

7 23 

0 01 

3 36 

3 49 

14 73 

4 01 

6 66 

0 02 

2 70 

2 80 

13 34 

3 23 

6 93 

0 03 

2 14 

2 21 

12 09 

2 56 

5 38 

0 04 

1 67 

1 72 

10 97 

2 00 

4 88 



Table of Py 



000 

0 000 

OOIMI 

0 000 

0 000 

0 000 

0 01 

0 034 

0 036 

0 001, 

0 040 

0 000, 

0 02 

0 064 

0 056 

0 006 

0 066 

0 002, 

0 03 

0 004 

0 066 

0011 

0 077 

0 004, 

0 04 

0 067 

0 059 

0 017, 

0 080 

0 007, 

0 06 

0 064 

0 066 

0 025 

0 076 

0 011 

0 06 

0 056 

0 057 

0 033 

0 066 

0 014 

0 07 

0 045 

0 046 

0 040 

0 063 

0018 

0 08 

0 032 

0 033 

0 048 

0 038 

0 021 

0 10 

0 003 

0 003 

0 061 

0 004 

0 027 

0 12 

-0 027 

-0 028 

0 073 

-0 031 

0 032, 

0 14 

-0 054 

- 0 066 

0 082 

- 0 064 

0 036 

0 16 

-0 077 

-0 079 

0 087 

-0 092 

0 039 

0 18 

-0 096 

-0 098 

0 090 

-0 114 

0 040 

0 20 

-0 109 

- 0 1 1 1 

0 091 

-0 130 

0 040, 

0 22 

-0 117 

-0 120 

0 089 

-0 140 

0 039, 

0 24 

-0 120 

-0 123 

0 086 

-0 144 

0 038 

0 26 

-0 120 

-0 123 

0 079 

-0 143 

0 035 

0 28 

-0 116 

-0 118 

0 072 

-0 137 

0 031, 

0 30 

-0 107 

-0 no 

0 063 

-0 128 

0 028 

0 36 

-0 076 

- 0 078 

0 037 

-0 091 

0 016 

0 40 

-0 036 

-0 037 

0 007 

-0 043 

0 003 

0 45 

-t-0 009 

+ 0 009 

-0 024 

+ 0011 

-0011 

0 60 

0 064 

0 066 

-0 053 

0 063 

-0 024 

0 65 

0 096 

0 097 

-0 080 

0 113 

-0 036 

060 

0 131 

0 134 

-0 104 

0 166 

-0 046, 

0 7 

0 184 

0 188 

-0 141 

0 218 

-0 063 

08 

0 210 

0 216 

-0 162 

0 249 

-0 072, 

09 

0 212 

0 217 

-0 169 

0 261 

-0 076 

1 0 

0 194 

0 199 

-0 166 

0 229 

-0 074, 

1 1 

0 163 

0 167 

-0 161 

0 191 

-0 068, 

1 2 

0 121 

0 124 

-0 130 

0 141 

-0 060 



186 


D R Hartree and W Hartree 
Table VIII — coniinued 
Table of Ps 


r (4«)* state 

(4«) 

1 4 0 022 

1 6 -0 082 

18 -0 182 

2 0 -0 270 

2 2 -0 346 

2 4 -0 406 

2 6 -0 463 

2 8 - 0 488 

30 -0613 

3 2 - 0 629 

3 4 -0 635 

3 6 -0 536 

3 8 -0 629 

40 -0 618 

4 6 -0 478 

6 0 -0 427 

6 6 -0 372 

60 -0318 

6 6 -0 268 

7 0 -0 223 

8 -0 150 

9 - 0 099 

10 -0 064 

11 -0 040 

12 -0 025 

14 - 0 009 

16 -0 003 

18 -0 001 

20 — 

22 — 

24 — 

26 — 

28 — 

30 — 

32 

e„i, 0 3891 


(4«) (4p) *P state 

(Z) {4p) 

0 022 - 0 074 

-0 086 -0 008 

-0 189 +0 061 

-0 281 0 130 

-0 368 0 194 

-0 421 0 262 

-0 469 0 306 

-0 606 0 360 

-0 631 0 388 

-0 646 0 419 

- 0 560 0 444 

-0 648 0 462 

-0 641 0 476 

-0 628 0 484 

-0 481 0 485 

-0 422 0 466 

-0 361 0 436 

-0 302 0 396 

-0 249 0 363 

-0 202 0 311 

-0 129 0 232 

-0 080 0 168 

-0 048 0 117 

-0 029 0 081 

-0 017 0 066 

-0 006 0 026 

- 0 002 0 011 

-0 001 0 006 

— 0 002 

— 0 001 


0 6177 0 3068 


(4a) (4p) ’P state 

Z) 

0 021 -0 036 

-0 106 -0 007, 

-0 224 +0 022, 

-0 327 0 063 

-0 413 0 082 

-0 480 0 109, 

-0 631 0 136 

-0 664 0 161 

-0 684 0 184 

-0 591 0 206 

-0 688 0 226 

-0 676 0 246 

- 0 668 0 263 

- 0 636 0 279 

-0 464 0 314 

- 0 385 0 342 

-0 310 0 362 

- 0 242 0 373 

-0 185 0 379 

-0 139 0 377 

-0 074 0 358 

-0 036 0 326 

-0016 0286 

-0 006 0 242 

- 0 002 0 201 

— 0 130, 
0 080 

— 0 047 

— 0 027 
0 016 

— 0 008 

— 0 004 

— 0 002 

— 0 001 

— 0 000 , 

0 6062 0 1720 


^ 4 . 

= -0 007, =-0 013, 

tabulated values is not everywhere certain to + 1 but is probably rehable 
to ± 2 The wave functions for the ( 4 «) ( 4 p) configuration are shown 
graphically in fig 2 Companson with the figure showing the corresponding 
wave functions for Be (D R and W Hartree 19360, fig 1) shows that the 
general effect of exchange terms m the two cases is very similar 
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The energies jp, of the states of neutral Ca relative to the normal state 
of Ca++ as zero, can be written down from the expressions for the corre- 
sponding states of Be (D R and W Hartree 1936 a, formulae (33), (34) and 
Table II) by appropnate changes of the principal quantum numbers The 
energies Ej, and contributions to them, are shown in Table IX, together 
with the corresponding energies derived from observed term values The 
energies relative to the normal state of Ca+ are also shown, for the calcu- 
lated values, the value 2Ei = — 0 829j for Ca+, found from the solution of 
Fock’s equation, has been used 



Fio 2 — ^Normalized radial wave functions for the (4«) (4p) *P {full line) and *P (broken 
line) states of neutral Ca 


Table IX— Nbutral Ca Energies 
(All energies are expressed in Rydbergs) 

(4s)‘ ‘S (4*) (4p) ®P (4«) (4p) iP 


-26*.. 4. =-0 778 -fc4, 4, =-0 618 -64,. 4, =-0 606 

-2Po’(4#, 4»)= -0 428 -e*, 4» =-0 306 -e,, tp =-0 172 

- 2P,(4«, 4p) = - 0 390 - 2Po(4«, 4p) = - 0 288 

+ |04(4»,4p)= +0 086 -|Gi(4«, 4p)= -0 032 

Total = 2£, - 1 206 - 1 129 - 0 997 

Obs 2ii?, - 1 322 - 1 184 - 1 106 

Calc 2 jB,-2£;,(4«) -0376, -0 299, -0 167, 

Obs 2Et-2E^{4») -0 449 - 0 311 -0 234 
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The agreement between calculated and observed energies is better for 
the *P than for the state, for Be, the agreement was better for the ^P 
state, but the two cases are not closely comparable, as for Be the (2p) wave 
function corresponds to a non-penetratmg orbit, and its exchange mter- 
action with the core is very small, whereas for Ca the (4p) wave function 
corresponds to a penetratmg orbit and its exchange interaction with the 
core 18 much greater 


— Neutral, Ca Transition probabilities 

As already mentioned, the ‘S-*P transition gives an astrophysically 
important hne, and the mam object oi the calculating of the wave functions 
for the ^P state was for the evaluation of this transition probability T his 
transition is a “one electron jump” in the sense that the quantum numbers 
of only one of the wave functions change, but this change is accompanied 
by an alteration of the other outer wave function, and this should be taken 
into account m evaluatmg the transition probability 
Wntmg A for the conhguratioii (4«)* and B for the configuration (4s, 4p) 
and, b) = A or B) for the (nlmim^) wave function m con- 

figuration X, regarded as a function of the coordmates of electron and 
also 

0(A) = I I 1) ?i^^(4sO-J|l)| 

|vJ^^(480J|2) ^„(4p0-l\2)\’ 

0,(B) = |v5^„(4sO-Jll) irj,(4p0\\l)\ 

|v5^B(4sO-il2) fs(4pQ\\2)\ 

the normalized wave functions for A and for the (^P, Jf /, = 0) state of B are 

nA) = nB) = \mB)-•^^m, 

so that the matnx element of between the two states is 
^2 [0i(B) -02(B)] dT,dr, 


( 16 ) 
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Summation over the spm coordinates <r gives 
20(AmB) ^-20(A)0^(S) 

= 1 1 ) 1 1 ) 1 2 ) 1 2 ) 

+ I i)ir„{4p 1 1) irjis I 2) ^^,(46 j 2) (16) 

On multiplication by rj + Tj and integration over Tj, each term of (16) 
gives a contribution |^J^^f^(4a) j^r^(4«)dTj j^Ji^^^(4s) T\lr^(4p) drj and in (16) 
there are four such terms altogether, hence (15) becomes 

V2[J^^(^)V^B(4«)dTj [^|vi^^(4a)r ;^B(4p)dTj (17) 

This differs from the matrix element for the transition of one electron in 
a static field by the factor ^ijr ^{4s)ilrff{48)dT, whose difference from unity 

expresses the effect of the alteration of the (4«) wave function on the prob- 
abiUty of transition of the electron whose quantum numbers change, and 
by the factor ^2 The summation of the squares of the matnx elements for 
different values of follows exactly the corresponding calculation for 
transition of a single electron m a static field, but there is now no summation 
over Mg, whereas for a single electron in a static field this introduced a 
factor 2 Hence the total line strength of the transition is 

S[(4s)2iS, (4s)(4p)iP]= 2r fp^(4s)P„(48)dr1* 


yriP^(4«)PB(4p)drJ 

as for a single electron 

If the alteration of the (4s) wave function is disregarded this gives 


S[(4a)*iS, (4a)(4p)JP] = 


\rPJ^48)Pi,{4p)dr 


This is in agreement with Condon and Shortley (1935), Chap 9, §3, smce 
for the transition between (4«) (na) *S and (4«) (n'p) *P (n > 4 so that the 
electron making the transition is not equivalent to any other m either con- 
figuration) formulae (6), (6) of Condon and Shortley (1935, Chap 9 §3) 
apply, and give 

S[(4«) (ns) % (4s) (np) ^P] = [^JrP(n«) P(n'p) drj* (n > 4), 
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and if one configuration contains equivalent electrons the absolute strengths 
of the multiplets ansing from transition between unexcluded states are 
twice as large as for the same transition of the jumpmg electron when it is 
not equivalent to another electron in either configuration (Condon and 
Shortley 1935, p 247) 

Since for the transition (4«)®-(4s) (4p) the statistical weight of the upper 
state, (2S + 1) (2L+ 1), is 3, the transition probabihty is 

A[{4a)(4p)ip, (4rf)»iS] = 2 66 10» sec 

where S is in atomic umts and is given by (20) The relevant quantities for 
the calculation of this transition probabihty are 

jp^(4s)PB(49)dr = 0 981 

jrPj4s}Ps(4p)dr= -4 06, 
v/P(obs) = 0 215, 

S[(4«)(4p)ip, (4^)sisj = 31 9, 
whence A[(4s)(4p)*P, (4«)**S] = 2 81 10® sec 

The ratio of the calculated (4p)-(4s) transition probabihties for Ca and 
Ca"* IS 1 69 Although the data from which both transition probabihties 
are evaluated are based on an approximation to the form of the wave 
function for a many-electron atom, it may be expected that the effects of 
this approximation will be much the same for the two states of ionization, 
so that this ratio, which for some apphcations is more important than the 
individual transition probabihties, is not hkely to be senously affected by 
this approximation 

The calculation of the transition probabihty for the intercombmation 
Ime ’S-*P IS more elaborate, and probably less certain also, as it involves 
consideration of the departures from Russell-Saunders coupling and the 
quantitative introduction of spin forces, and it will not be further con- 
sidered here The following are values of mtegrals which may be required 
in this contest (the wave functions /{.(4«), Pf{4p) are those calculated 
from Fock’s equations for the ®P state) 

jpj4a)P^(4s)dr = 0 998, 

JrP^(4») Pg(4p)dr = - 4 49 
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10 — Summary 

Calculations of the self-consistent field, with exchange, have been made 
for Ca++, and the results are given 

Solutions of Fock’s equations, without allowance for the perturbation of 
the core by the senes electrons, have also been earned out for the (4s), 
(ip) and (3d) states of Ca+ and (is)^, (4s) (4p) and states of neutral 
Ca Energy values for all these states have been calculated and are com- 
posed with the observed values, it appears that exchange effects have con- 
siderable influence on the relative strengths of bmdmg of a (4«) and a (3d) 
electron, and so are significant from the poiht of view of the position of 
the begmmng of the transition group of elements in the jienodic table 

Transition probabihties have also been calculated for the (4s)-{4p) and 
(3d)-(4p) transitions of Ca+ and the (4«)*-(4s) (ip) singlet transition of 
neutral Ca, these transitions all give Imes of astrophysical mterest, and 
absolute values of transition probabilities may have astrophysical appbca 
tions 
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On the Statistical Theory of Isotropic Turbulence 

By Theodore de KArmAn and Leslie Howarth* 

California Institute of Technology, Pasadena 

(Communicated by 0 I Taylor, F R S — Received 27 January 1937 — 
Revised 6 November 1937) 

Introduction and summary 

G I Taylor (1935), in a paper of fundamental importance, introduced 
the conception of isotropic turbulence and applied it, with interesting 
results, to the problem of the decay of turbulence m a windstream 

In this pajior we develop a general theory of isotropic turbulence The 
correlation coefficients between two arbitrary velocity components at two 
arbitrary points form a tensor called the correlation tensor Due to isotropy 
the tensor corresponding to one fixed and one vanable point has sphencal 
symmetry, due to the condition of continuity it is completely determined by 
one scalar function The mean products of the denvatives of the velocity 
fluctuations are expressed by the denvatives of the tensor components, in 
this way labonous calculations for obtaining such mean values are elimi- 
nated The correlation between three components (tnple correlation) is 
discussed 

After developmg the kinematics of isotropic turbulence the dynamical 
problem of the change of the vanous mean values with time is considered 
It 18 shown that iismg the equations of motion a partial differential equation 
connecting the double and triple correlation functions can be estabhshed 
The solution of this equation is investigated first in the case when the 
triple correlation is neglected and the shape of the double correlation function 
remains similar and only its scale changes Equations for the dissipation of 
energy and vorticity are deduced 

J'lnally, a possible solution for large Reynolds numbers is given and 
apphed to Taylor’s problem of the decay of turbulence behind a gnd 

Taylor’s fundamental relation between the width of the correlation 
function and the size of the small (dissipative) eddies is confirmed However, 
it IS believed that the Imear law for the reciprocal of the root mean square of 
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the velocity fluctuations as a function of the distance from the gnd is a 
special case , in the last section of the present paper a more general functional 
relation is suggested 

§§6,8 and 9 have been rewritten and § 1 1 inserted by the semor author in 
September 1937 


A — The kinematics of isotropic turbulence 
1 — The definition of isotropic turbulence and immediate deductions 
Isotropic turbulence may be defined by the condition that the average 
value of any function of the velocity components and their derivatives at a 
particular point, defined m relation to a particular set of axes, is unaltered 
if the axes of reference are rotated in any manner and if the co-ordinate 
system is reflected in any plane through the origin We consider average 
values with regard to the time and suppose that the fluctuations are so 
rapid that the variation of the average value is neghgible throughout the 
period of time required for averaging Thus, m fact, we shall consider the 
average values to be slowly varying functions of the time 

Consider a particular system of co-ordinate axes Ox^, Ox^ and Ox^ and 
take two points P{Xi, 0, 0) and /''(xj, 0, 0) on Ox^ Denote by Ui, «j, 
and u'l, Mj, Ma the velocity components at P and P' respectively Let us 
now suppose that «?, u\, wf are all indejiendent of position (By isotropy, of 
course, = m| = m| ( = u^, say) ) 

The correlation ooefFicients and UjUj/u^ for j = 2 or 3 will be 

particular functions /(r, () and g{r, t), say, of the distance r between P and 
P'* and of the time It seems to be fairly evident physically that the mean 
value when i 4= j in isotropic turbulence, since it appears to be equally 

probable that Uy Mj, for example, will be positive or negative It is an easy 
matter to prove these results analytically The mean values uiu'j and u[Uj 
for j = 2 or 3 can be shown to vanish by a rotation of the axes of x^ and 
through 180° about the Xj-axis Denoting transformed values by capital 
letters we see that Ui = U'^ = u[, = -u^ and U'j = -mJ for j = 2 or 3 

so that, for example, — ~ — , 

UyU'f = -UiUf 

But by the isotropic property 

UiU'j = 

* It 18 assumed that the turbulence is statistically umform as well as isotropic 
so that correlations do not depend on the position or orientation of the line PP 
but only on its length 
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so that u^u'j 18 zero for j « 2 or 3 Similarly is also zero for j »» 2 or 3 
The mean values u^u'^ and u^u'^ can be shown to vanish by reflexion m the 
Xi.Xg plane Denotmg, m this case, reflected values by capital letters we 
see that U^ — —u^, l/j = — Wj, U^ = u^,V'^ = Mj, bo that, for example, 

UfU'^ = 

But by the isotropic property 

i/jt/a = 

and hence WjUa vanishes Similarly u^u'^ is zero 
2 — Lemma 

Consider now any two points P and Q in the fluid Denote by p the 
velocity component m a particular direction PP' at P and by q the velocity 
component in the direction QQ’ at Q Wo shall determine an expression 
for the correlation coefficient pqju^ 



The intersecting Imes PP' and PQ (see fig 1) determme a plane Denote 
by QQ" the orthogonal projection of QQ' on this plane, Q"Q' will then be 
normal to the plane Denote by a, and y the angles P'PQ, n—PQQ", 
QQ'Q", and by p^, pj, and q^, gj, g,, respectively, the velocity components 
at P and Q m the direction PQ, the direction normal to PQ and Q"Q', and 
the direction Q"Q' * Then 

p = Pi cosa+pjSina, 

g = gicos/ffsm'y+gjsm/jsmy + gjoosy 

* For simplicity the figure is described as it is drawn in fig 1 When P" and Q* 
are on opposite sides of PQ the sign of yJ must be changed 
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Therefore 


M “ jPi9iC08a COB/? smy+^ji^jcosa sm/? smy+pxgacosa cosy 
+Pj?iC08/ff smy sma+Pg9aBmy? Bina smy +P2?»8ma cosy 

We have already proved that all the mean values here except and 
vamsh, and we have denoted by/(r,/) and g(r,t) the correlation coeffi- 
cients and p^Ju^, where PQ is supposed to be of length r Thus 

= = [/(>■> 0 cos acoafi+ g(r, t) sm a sin sm y ( 1 ) 

w* 


3 — The correkUion tensor 

Consider now any particular co-ordinate system and suppose the velocity 
components at P{x^, Xj, Xj) and P'(x{, Xj, Xj) are (u^, Wj, u^) and (u[, Mj, Mj) 
respectively The mne quantities u,u'j for », j = I, 2 or 3 may be shown to 
be the components of a second rank tensor The transformation law can 
readily be seen to be satisfied since the dyadic product of two vectors is a 
tensor so that each of the contributions MjmJ to the mean values form a 
tensor Clearly the operation of takmg a mean value will not alter the 
transformation law satisfied Hence we may consider the “correlation 
tensor" R defined by 

^12 ^ 13 \ = /«i«i WlWi 

I ??2 l -^*2 -^23 I I **2^1 ^^2 ^2 ^3 

^32 E33/ \m 3M1 M3 Mi M3 Mi 

or u^R = u^Rif = u^Uf i,j=l,2or3 (2) 

By means of the lemma which has been estabhshed each component of R 
can be evaluated in terms of the functions / and g and the vector r whose 
components are = x^— x^, ^2 = xi— x,, iz^x'^-x^ In this way we 
obtain 

(3) 

H 0 0\ 

where r = | r | and I is the unit tensor 1 0 1 01 

\o 0 1/ 
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By expressing the fact that the velocity fluctuations satisfy the equation 
of continuity we can now obtain a relation between /(r, t) and g(r, t) Since 
the velocity fluctuations at P' satisfy the equation of continuity 


where the summation convention is m operation Therefore 

since Uj IS independent of x[, x'^ and a:. Thus we obtain the result 


for j = 1, 2 or 3 by dividing equation (4) by (which is independent of 
position), by taking mean values and using the defimtion of (see 
equation (2)) By the defimtion of we may write equation (6) as 


Using the values of the components of R given by equation (3), and also 
the fact that equation (6) is vahd for all values of |i, and gg, we find 

= (7) 

Since both /(r, t) and g(r, t) are even functions of r 

/(nO = i+/;2,+/li’^J+ , (8) 

g'(r,0= + (9) 

From equation (7) we then find by equating coefficients of r* and r* 

2/; = 9l (10) 

( 11 ) 

Further, substituting these expansions for / and g m equation (3) we find, 
for small values of r, that 


l.(n.f,.),+(^)r 
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neglecting fourth and higher povrers of r Using equation (10) we may 
write equation (12) m the form 

R = (!+/;»•») I -i/;rr (13) 

We notice, in passing, that 




=/5 


when 




= 2/J when k = l^t=j, 

= — i/o when k = t + I =j 
= 0 otherwise. 


or 


k=j + l = t,' 


(14) 


we shall reqmre these results later 

We may, at this stage, point out an analogy which is helpful in creating 
a physical picture The expression (3) for the correlation tensor is of exactly 
the same form that for the stress tensor for a continuous medium when 
there is spherical symmetry In the analogs f(r) is the principal radial stress 
at any point, g(r) is any of the principal transverse stresses, and is the 
component in the k direction of the stress over a plane whose normal is in 
the t direction Further, the relation between / and g given by continuity 
in our problem corresponds to the condition for equihbrium in the stress 
analogy 


4 — The correlation coefficients between derivatives of the velocities 
Taylor (1935) had occasion to calculate the vanous correlation coefficients 
between first derivatives of the velocity components These calculations 
were made by transforming axes, usuig the equation of continuity and 
applying the definition of isotropy Even for the first derivatives this 
method is fairly laborious, whilst for higher order derivatives the work 
involved makes it almost prohibitive, it is hardly possible to decide before- 
hand whether a particular transformation muII lead to a new relation or will 
merely give one that has already been obtained 

The determination of the correlations both quickly and automatically 
is an interestmg apphcation of the correlation tensor Let us take, as an 


example, the determination of Now 








(16) 
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ive since the velocity fluctuations at P are all dififerentiable functions of Xf, 


^x^^x] dii% 

If, now, we make P and P' coincide we obtain the result 


)x, 


We obtain the values of “ when li = Sa = C 3 = 0 immediately from 
equations (14) Hence, for example, we see that 


0Tqaaj _ 

dx^ dx^ Sx^ 3xi * ” 


- 2\diJ’ 


or, alternatively, — > ( 22 ) 

by equations (19) and (20) respectively 

Similarly, all other correlations of first derivatives can be ob tamed 
This method is immediately applicable to higher order derivatives 
Exactly as for the first denvatives we obtain, for example, the result 


dx,dx^dx,dx, ' ' 

The fourth derivative of the components of R can be obtamed from 
equation (3), and usmg the expansions ( 8 ) and (9) we find, for example, 


(24) 
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and 
so that 


?xl dxj ~ ydx^dxj ~ 9\9^^/ “ 3\3j:f/ ’ 


( 25 ) 


(26) 


and so on 

For completeness we include the results for first and second derivatives, 
writing (m, V, w) and {x, y, z) for (mj, Mj, w,) and (x^, x^, x^) For the first 
derivatives* 


_ 1 /'Sity dudv _du?v _ l/3ay 
^dxj 2\3y/ ’ dx?y~ f)ydx~ 4:\3yj 


For the second derivatives 

/^\* _ ^ 

\?x*; ~ \dy? 2 f ~ ~ 3\?y*; • 

/ 0*u \* _ dhidht, _ 2/3%\* 

\3,r3y; “ 3i*at^ ~ y\37v ’ 

3^ 8^1) _ 3^ dh) 

dx^dxdy 3y*3x?y 6\3y*/ 

^ ^ w ^ _ 1 

dxdzdydz Sz^dx?y dydz^zdx 18\3yV 


All mean values which cannot be brought into one of these forms by cychc 
permutation of the letters vanish 


It 18 obvious that the process could be oontmued and the higher derivatives 
of give analogous expressions for the mean products of the higher de- 
rivatives of the velocity components Taylor’s development formula for 
his correlation function Ry (1935, equation (46)) is a special case of the 
general formulae obtained in this way His equation, which he effectively 
found as early as 1921, would be expressed in our notation 



An analogous expression can be written for/(r, t) 

* These results were first given by Taylor (1935, p 436 ) 
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5 — Expression of mean values by iniegrala 
It 18 known that the velocity components in an mcompresaible flmd can 
be expressed by a vector and a scalar potential In the present case (m- 
defimtely extended fluid without sources throughout the whole fluid) the 
scalar jxitential vamshes and the velocity components can be written (it 
IS convement to use x, y, z, u, v, w for the co-ordinates and the velocity 
components m this section) 


where 
J’ = 


^ dy dz’ 


dz dx’ 


_^_dF 
~ dx dy' 


m* 


(30) 


Wj, ta'y, 6>' are the components of vorticity at the pomt (x', y', z'), 

= {x'-xf + (y'-yY + {z'-z)^, 

and the integration extends throughout the fluid These results enable us 
to express correlations between vorticity components and velocity de- 
rivatives convemently as integrals Consider, for example, 


dw 

"xa- = 

^dy 




-^)(y'-y)-7— 7 \W-yY il --v' 


dx' dy' dz' 
(32) 


Now we can deflne a correlation tensor V for the vorticity components 
in precisely the same way as R was defined for the velocity components 
Hence, using an obvious notation. 


w* (v'y = alV^, w, = 


* See Lamb (1932) These results are purely kmematio 
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and 




When the turbulence is isotropic this method of approach has no special 
merit smce the required results may be obtained more easily by other 
methods It is clear that the form for V is exactly similar to that for R 
(including the condition arising from contmuity) in isotropic flow, using this 
fact the integral m equation (33) can be evaluated and the result compared 
with the one that can be deduced immediately from equations (27) 


6 — Triple correlattons* 

We shall now consider the mean values of the product of three -velocity 
components w<, My, m*, where and My are the instantaneous values of the » 
and j components of the velocity observed at an arbitrary point P and m^ 
18 the Ar-component of the velocity observed at another arbitrary point P' 
Let us consider again homogeneous isotropic turbulence Then 



and we write = (^*)* 

where 7<yj, is a tensor of third rank The tensor will be a function of 
iv ii> is where = r'l-Xi, we call it the tensor of 

the triple correlations In order to find the expression for Tyj. as a function 
of the ^’s, let us assume first that both points P and P' he on the ai-axis 
Then it is obvious that all quantities WyMytt^ belong to one of the following 
BIX groups, mJmJ, MfMj, MiM,Mj,MiMyMfc,MjMyMi and My My Uj, where k can be 
equal to 2 or 3 Due to the assumption of isotropy mJmJ^ = 0, M^MyMi =■ 0, 
and MyMyMfc = 0, because by reflexion of at least one of the axes orx^ these 
expressions certainly change their sign Furthermore, u-iUjU'^. and MyMyM^ 
vanish for the same reason unless ] — koxi Hence only the following 
mean values remain as possibly different from zero mJmJ, u^u^u^, 

u\u'i, mJmJ Obviously because of isotropy MiMjmJ = u^UgUgAndului *= mSm^ 
Hence three independent quantities remain different from zero, we put 
MfMi = (M*)*A:(r), MjMjMi =* UiUgU'g = (M*)»?(r)andM5Mi = ulu[ » (M*)»ft{r) 

* In order to distinguish between correlations connecting two and three velocity 
components the correlations treated in the previous sections will be referred to in 
the foUowmg sections as “double correlations” 
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(Fig 2 represents the double and tnple correlation functions which do not 
vanish because of isotropy ) 

It will be seen that the senes development of the function k{r) for small 
values of r starts with the term m r® For, developmg u\ in a senes of 
powers of the variable r, we obtain 






b. 


Fia 2 


f(r) 

g(r) 

h(r) 

k(r) 


Now, reflecting the x-axis all the coefiicients of even powers of change 
their sign, and consequently these coefficients must vanish in the case of 
isotropic turbulence Because of the homogeneity of turbulence 

j0Mi _ 10«f 

also vamshes Hence, the development of u\u[ starts with the term 



and correspondingly 

i(r) = + + 

Until now it has been assumed that P and P' are situated on the a:-axi8 
In order to obtain the general expression for m, Uj u'^ we take PP' to be an 
arbitrary direction and denote by (p„ p^, pj) arid {p[, pj, p'^) the velocity 
components at P and P' along three mutually perpendicular hues whose 
direction cosmes are (l^, wi^, n^), (Z,, WI 2 , » 2 ) and (Z,, wij, ra,) In particular, 
we suppo se th at Z^ = ^Jr, = ^Jr, = fj/r, so that the first hne is in the 
direction PP' 
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We then obtain for the velocity components along the *, y, z axes 
«1 = IfPi, u[ = Itp'i, ' 

«2 = K == (34) 

Mg = UiPi, Mg == ntp\ 

On the other hand, because of isotropy 

p\p[ = (Ma)»i(r), PiPiP'i = PiPaP'^ = (M')*?{r) and = (M*)*A(r) 

all other combinations bemg equal to zero 

Using the expressions (34) and substituting for the mean values of the 
products of the p’s the functions k(r), q{r) and h{r) we find after some 
analysis that 

+ + + (36) 

where is the Kronecker delta = 1 when t = j and 8^^ = 0 when i ¥‘ ]) 
It is seen that is an odd function of the vanables C*. ii By inter- 
changing P and P' we change ^nd into and -^g re- 

spectively Hence the mean values of triple products composed of one 
component measured at P and two components measured at P' can be 
expressed by the Tijk^ For mstance 

This relation will be used in § 8 

We shall now show that because of the continuity relation between the 
velocity components the functions k and q can be expressed by h Since 
M< and Uj are independent of the variation of it follows from the contmuity 
equation that 

^(m,m^mX) = 0 (36) 

Hence g|- ( m^ m^ «](,) = 0 or (37) 

By substituting (36) in (37) and carrying out the differentiations, we find 


(38) 
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The symbols k' and h’ denote differential quotients with respect to r The 
k, h and q being only functions of r, the expressions in the brackets must 
vamsh separately This leads to the results 

k = -2h, 


It was seen above that the development of k{r) for small values of r starts 
with the term contaimng r* Because of (39) the same is true for h{r) and 
q(r) 

The expression (36) and the relations (39) carry tlie general analysis of 
the triple correlations as far as we did in § 3 in the case of the double corre- 
lations 



7 — The correlatton between pressure and velocity 
We shall now prove that the mean values wu'f {j = 1, 2 or 3), where m is 
the pressure at (x^, Xj, Xj), all varash Again, denote by {p[, p'^, p'g) the 
velocity components at (xj, x'^, x'^) along the hnes whose direction cosines 
are given by (Z^, n<) (i = 1 , 2 or 3) and defined in the precechng paragraph 

It 18 clear, by symmetry, that mpj {j = 2 or 3) vanishes It is, however, 
necessary to introduce the equation of continuity to show that wpj = 0 
Then let us write 

wp[ = {m*}* {«*}* «(r) 

We find immediately from (34) that 

= (40) 

mu 3 = (nr*)* {m*}* «(r)] j 

Here again, the equation of continuity leads to the condition 

for all values of ^3 Transforming to spherical polar co-ordinates we 

see that . 

^[r*8in(?«(r)] = 0 


for all values of r and 6, so that 





On the Stahsticdl Theory of Isotrojnc Turbulence 206 
Again, since s is regular at the origin, the appropnate solution is 
« = 0 

Hence, mu] == 0 forj == 1, 2 or 3 Similarly, m'u^ = 0 for j = 1, 2 or 3 


B — Dynamics of isotropic turbulence 
8 — The equation for the propagation of the correlatton 
The equations of motion at the point P{Xi, x^, x^) can be written 
^u^ 1 dw 


^ dxj 


pdxi 
0 » 9* 


vVlUi 


(41) 


for t = 1, 2 or 3, where V?= - + , and to denotes the pressure 

dx\ dx\ dxl 


Let us multiply equation (41) by the A -component of the velocity at 
P'(x[, Xg, x]), so that 

,dui , Bu, -ul dm 

Consider now the expression u'^Uj ^ It will be seen that, in virtue of the 
equation of continuity. 

Now UiUjU'k 18 a function of gj, and and obviously 


dXf 


— ?/^Bm_l B 
p Bxf p B^i 


(mul). 


(44) 

(46) 


and smce mu'^ vanishes everywhere, ^ ~ also vanishes Fmally, 


V2(%0 = V*(ttjf4), 

^ ^ 

" agi'^agr SO 

Hence we obtain the equation 


where 


Va = 


^ 4 («!«/ O = 


(46) 
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In an analogous way we obtain 

^ O = vV\utu'^) (47) 

We have shown m § 7 that 

u^u'ful = —(u'iUjUic), (48) 

and substituting (48) in equation (47) we obtain 

■Ui (% M* u'i) = i'V*(m< 7^) (49) 

Adding the equations (46) and (49) and remembenng that and 

u^Uju'ic — (m®)* Tfj^, we obtain finally 

,)-(«»)• g^^-(Ty, + T*,,) = ( 60 ) 

In view of the form given for the tensors iZi* and T^ji^ m equations (3) and 
(36) respectively, equation (60) may clearly be reduced to a differential 
equation connecting the functions /, g, k, q, h By using the equation of 
continuity m the form given by equations (7) and (39) we can ehminate 
g, k and q and obtam a partial differential equation connecting / and h 
The analysis can be earned out by choosing any component of Then 
equation (50) contains terms multiphed by and terms which are func- 
tions of r alone Equating the terms containing we obtain a relation 
for djdt (/— g) and equating the tenns winch are functions of r a relation for 
dgjdt Eliminating dgjdt the following equation for /results 


dt 


2(m*)«(^-^-H^ a) = 


(61) 


We call (61) the fundamental equation for the propagation of the corre- 
lation function f(r) 


9 — The decay of turbulence 

Before proceeding with the discussion of the solutions of equation (61) 
we shall show how Taylor’s equation for the decay of energy and the equation 
for the decay of vorticity already given by the senior (K&rmAn 

19370) can be obtained as deductions from equation (61) 

For r = 0,/ = 1 and = 0 (of § 6) 
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Hence we obtain from (61) 


/=i + 4/oV+^/{,v+ , 


Now Taylor’s definition of the length A is given by the equation 
A * = - 2/^2 

We have shown (equation 10) that f = \gl Hence 


Or if, considenng Taylor’s problem of the decay of turbulence behind a 

honeycomb, wo substitute ^ , 

dt Udx 


which 16 Taylor’s equation for the decrease of the mean kinetic energy of 
turbulence 

Now we shall substitute the expansions given by equation (53) m 
equation (61) and equate the coefficients of the terms containing r* Con- 
cerning the triple correlation function h{r) we notice that 

h{r) - ^ A”/-® + higher terms (67) 


Hence we find (®8) 

Obviously m*/A* On the other hand, we find the mean square 

of the vorticity components using the formulae (19), (20) and (21) 

wj = <m| = <w| = 6«*/A 

Hence equation (68) can be mterpreted as the equation for the decay of 
vorticity Let us denote wj-t-wj + w* by then a>* = 15ii*/A® and from 
(68) follows __ 
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18 the reciprocal value of the square of a length, in order to obtain oon- 
fonmty with the energy equation (66) we put ^ =» Then 


-70AJ(w*)‘ = -10>'Xa 


(69) 


From the equations of motion the semor author obtamed the equation' 
(K&rm4n 1937a) 




(80) 


Equations (59) and (60) are identical Because of the continmty equation 



Now the mean values, which constitute the expression on the right side, 
can be calculated by differentiation of the equation (36) For instance, 

(5m, _ r9*(M{MjMf)~| 
dx^ ~ 

and so on 

Carrymg out the computations the identity of equations (59) and (60) 
can be shown without difficulty 

It 18 seen that the equation for the decay of turbulence and for the decay 
of vorticity follow from the general equation for the spread of correlations 
by development of the correlation functions m powers of the distance r 
The expression for the decay of vorticity contains two terms one corresponds 
to the change of vorticity by deformation of the vortex tubes, the other 
corresponds to the action of viscosity 

* As the semor author found tho equation (60) ho reahzed that the condition of 
isotropy alono does not lead to a further reduction of the equation However, he 
thought that in a random isotropic turbulence the expression oontaming the tnple 
correlations sliould vanish because the extension and the contraction of portions of 
the vortex tubes should be equally probable in an ideal 6md As tho authors earned 
out their first general analysis of oorrelations, it seemed that a general proof could 
be found for the vanishing of the tnple correlations CJorrespondmgly, the semor 
author stated m his papiers on the subject (1937 a, 6) that the tnple correlations mid 
the term m question m equation (60) vanish because of isotropy Closer analysis 
showed that this statement is erroneous To make the tnple correlations vanish, 
some further physiced assumption on the random character of turbulence is 
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10 — Self-preaervtng corrdaiton funcitona 
We wnte equation (61) m the form 


Obviously, the influence of the tnple correlations depend on the relative 
df 

magnitude of the quantities and Let us consider first the case of 

dr V 

“small Reynolds number” of the turbulence, le let us assume that 
^ Then neglecting the tnple correlation function h, we wnte 




or eliminating m* by use of equation (64) 




We notice that in this case f{r,t) is determined by the values of/(r,<o). i e 
if the correlation function/ is given for is given for any arbitrary tune 

t>U 

We shall consider a particular set of solutions of equation (63) We notice 
that this equation reduces to an ordinary dilferential equation if we suppose 

/is a function of x = When this substitution is made, we obtam 


/•+(_/ f)/-6rw-o, 


where dashes denote differentiations with regard to x, w^e shall speak of the 
correlation functions given by the solution of equation (64) as “self- 
preserving”, since the form of these curves is the same at all instants 
although the actual length scale vanes We shall now denote by a the 
arbitrary constant -/'(O) 

First of all it may be pomted out that equation (64) is related to the 
confluent hypergeomotno equation In fact, the solution we require (i e 
the one which satisfies / = 1 and/' = 0 when x = 0) is equal to 
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where ^{z) is the same solution of the confluent hypergeometnc equation 
as that defined by Whittaker and Watson (1927, p 337, para 16 1) and 
denoted by this symbol 

When a < i it will be seen, after some reduction, that (Whittaker and 
Watson 1927, p 352, example 1) 

When a = J we obtain the solution 

S(X) = ( 07 ) 

When a > J the solution is given by the integral of the same integrand 
round a particular contour (Whittaker and Watson, 1927, p 267) 

Let us now consider the decay of turbulence when the correlation function 
18 one of these special types Returmng to equation (64) we see that 


and integratmg we find 


dt 


1 




( 68 ) 

(69) 


where the condition m* = when t = has been apphed 
Assuming, for the moment, that the turbulence produced by a particular 
gnd or honeycomb is of the type which h€i8 a self-preservmg correlation 
function and starting from some point outside the wind shadow, where the 
fluid passes at the time we write t = t^ + xlU (U denotes the velocity of 
the main flow and x is the distance measured downstream) Then we may 
write equation (69) in the form 


Vm* 




where a* = wg when * =• 0 


(70) 


The quantity is a length which we can relate to the value Ao of the 
length A (defined m equation (64 a) above) at the ongm from which x is 
measured For 


im 


no) 


a 
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so that, with 




-l/A* 


A* 


vt 
a ’ 


(71) 


and therefore 1^ = °— 

Finally, from equation (70), 

IL + 


(72) 


where = «§, A => Aq when a: = 0 

The results given by equations (71) and (72) would bo formally equivalent 
with Taylor’s results, when a = 1 However, the corresponding corre- 
lation function / which is given m fig 3 as calculated by numencal inte- 
gration from the integral obtained by integrating (60) by parts is very 


/(*) 



different from those measured by Simmons in such cases, in which Taylor’s 
hnear law of the decay of turbulence apparently holds Hence the coin- 
cidence between these equations and Taylor’s result is rather formal We 
come back to this question in the last section of this paper The correlation 
function /oorrespondmg to a = i (see equation (67)) is also included in fig 3 
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1 1 — PoastbU solution for large Beynolda numbers* 

It was seen that if the tnple correlations are neglected the double corre- 
lation function /(r) is determined for all times t>to provided /(r) is known 
for t = <0 ^he general case dffdt depends also on the tnple correlation 
function h{r) Now a further equation can be obtained from the equations 
of motion for dhjdt, however, this new equation contains terms with the 
quadniple correlations and so on Hence, for an arbitrary value of the 
Reynolds number the problem is too comphcated for analytical treatment 
However, certam interesting results can be obtained for the hmitmg 
case of very large Reynolds numbers under the assumption that the 
correlation functions /(r, t) and h{r, t) are independent of viscosity with the 
exception of small values of the distance r Let us consider the problem of 
turbulence created by passing a umform wmdstream through a gnd or 
similar turbulence-producing device and let us assume geometrically similar 
arrangements Then, denoting the mean velocity of the wmdstream by V 
and a characteristic hnear dimension of the device mentioned by M, it 
seems evident by dimensional considerations that / has the form 


M'Mj 


If the correlation functions are — according to the above assumption — 
independent of viscosity, this means that /(r, t) does not depend on the 


vanable x - 


^{vt) 


and IS only a function of the vanables rjM and UtjM 


Ijet us now assume m addition that the correlation functions preserve their 
shape and only their scale is changmg Obviously this assumption amounts 
to the statement that both f{r, t) and h{r, t) are functions of one vanable 
f = rjL only, where L is a function of M and Ut 
It must be noticed that both assumptions — namely that the corre- 
lation functions are independent of x »nd that they preserve their shape — 

shall be made only for large values of x = -7^ 
yjiyt) 

Then introducmg/(^) and h,{rjr) in equation ( 61 ), we obtain the followmg 
expression 


df^L dt 


dt 


(u*)*(dh 

L 


L'\drjr^^ f drjrj 


* This section was inserted by the senior author in Sept 1937, especially after 
reading Q I Taylor’s contribution (1937) 
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Let us consider the quantity - 


i the Reynolds number related to 


the problem, then for large values of this number it appears justified to 
neglect the term on the right side Furthermore, accordmg to (56) 

* --‘“‘'A' 

Hence, from (73) it follows that 

df . u*dL , lOint® /dh 4A\ ^ 

Obviously equation (74) can be satisfied only when the coeflScients which 
are functions of t without being functions of are projiortional, i e their 
ratios are constants Hence 




(74) 


^A, 


(76) 


(70) 


Lv 
dt ~ 

where A and B are numerical constants 
We easily obtain from (76) and (76) a differential equation for L{t) We 
substitute in (76) from (65) ~ “ ^^***/d<^* ehminate u* from (76) 

and (76) Thus we obtain 

5 (d^Y 


^ dt^ AB\dt} 


The general solution of (77) is 


(78) 


where and are arbitrary constants The origin of the time ( being 
arbitrary, we may write 

Introducing the expression (79) m (70) we obtain by differentiation 


Vm* = 


5+AB"%i 




(80) 
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or denoting the value of at t == to 


s]u* = 



( 81 ) 


Finally from (65) 


A* = \5 + ^\vt 


ABj 


(82) 


1 that equations (81) and (82) with ^ = 5 + -^^ are identical 


with the corresiionding equations (69) and (71) obtained in § 10 for the case 
of the small Reynolds number 

There is one case which is not included in equation (77), namely when 
L = const say L ^ Then from (76) with it follows 

that 




'alJ 


(83) 


and A* = 5pt (84) 

Let us compare the results obtained with the researches of Taylor and 
Dryden Our last equations (83) and (84) are identical with Taylor’s results, 
especially if we assume with Taylor that Lq is proportional to M, which is 
in this case evident from dimensional consideration However, Taylor 
does not have the solutions (81) and (82) The reason is that Taylor found 
the equation (76) with a remarkable vision for the relations between the 
quantities involved, however, instead of (76) he assumed L proportional 
to Af, 1 e a fixed ratio between the scale of turbulence and the linear size 
of the turbulence-producing device 

In both cases — using Taylor’s assumption or our broader relations (76) 
and (76) — the theory leads to the conclusion that the scale and distribution 
of turbulence in a windstream is mdependent of the speed of the wmd- 
stream and so is the ratio U /Vw* measured at a certam distance x from the 
grid The difference is that according to our theory the scale of turbulence 
may mcrease downstream, while according to Taylor’s assumption, it 
remains unchanged Instead of L ^ const x M, we obtain m general 
L M X function of UtjM, and m the case of “ self-preserving ” turbulence 
the function involved is proportional to a certam power of UtIM It appears 
that further experimental results wiU decide whether Taylor’s assumptions 
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are not too narrow and whether the equations (79) and (80) correspond more 
closely to the expenmental facts 

It IS mteresting that as far as the laws for the decay of turbulence and for 
the spread of correlation curves are concerned, our analysis of correlations 
leads essentially to the same results as the recently pubhshed theory of 
Dryden‘s (1937) which is based on entirely different conceptions It appears 
that the next step in the development of the theory should be to find the 
physical mechamsm which is behind the mathematical relations (76) 
and (76), especially the mechamsm which tends to increase the scale of 
turbulence without the action of the viscosity 
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The Effect of Temperature on the Photochemical 
Bleaching of Visual Purple Solutions 

By H J A Dartnall, C F Goodbye and R J Lythgoe 
The Sir William Ramsay Laboratonet of Inorganic and Physical 
Chemistry and the Department of Physiology and Biochemistry, 
University College, London 

{Communicated by Sir John Parsons, F RS — Received 6 May 1937) 

1— Inteoditction 

In a recent paper (Dartnall, Goodeve and Lythgoe 1936) a method has 
been described for the determination of the product of the extmction 
coefficient of visual purple, a, and the quantum efficiency of the photo- 
chemical bleaching, y It was shown that this product, ay, was a constant, 
independent of concentration over a wide range It wai'^o shown that 
the value of ay was independent of light intensity and temperature over 
the narrow ranges studied Kuhne (1879) stated that between 0° and 40° 
the light sensitivity of visual purple increased very little, and any changes 
which were present were confined to the first stage of “visual yellow'’ 
formation Above 45° the rate of bleaching by light increased consider- 
ably In very weak diffuse daylight a solution of visual purple bleached 
m 11 mm at 12° and m i min at 60° Amenomiya (1931), from a study 
of the retmae of hvmg frogs, found temjierature coefficients, per 10° rise, 
of 1 17 and 2 H7 for the ranges 0-33° and 33-60° resjiectively Hecht (1921) 
found that the velocity of bleacbmg with white light was mdependent 
of temperature over the range 6-36° for most of his expenments In one 
senes of expenments, however, a temperature coefficient of 1 16 was 
obtained 

In view of the theoretical importance of the temperature coefficient of 
photochemical reactions it was thought advisable to repeat and extend 
these observations using monochromatic light 

2— Technique 

The arrangement of the apparatus was essentially the same as that 
descnbed in the previous paper (Dartnall, Goodeve and Lythgoe 1936) with 
[ 216 ] 
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the exception of certain additions The solution of visual purple, which was 
contained in a cylindrical quartz cell having plane parallel faces, was 
bleached by a beam of hght emergmg from a monochromator A photo - 
electric cell was placed behind the solutions and connected to a galvano- 
meter As the solution bleached, the hght fallmg on the photoelectnc cell 
mcreased and there were proportionate increases in the galvanometer 
deflexion It was thus possible to follow the course of the bleachmg with 
time At the end of the experiment the cell containing the solution was 
removed from the holder and a calibrated thermopile substituted for the 
photoelectnc cell The light mtensity was then measured in absolute units 
(quanta per second) By subtractmg an experimentally determined value 
for the fraction of the hght reflected from the front surfaces of the cell, 
the hght incident on the surface of the visual purple solution was obtamed 
A small additional correction was made for the hght reflected back mto 
the solution from the back surface of the cell This correction increased as 
the solution bleached, and an average value was used to obtain the values 
m column (9) of Table I The wave-length of the monochromatic hght was 
as before, 600-6 1 3 m/t with dommant wave-length 506 m/i 

Temperature control 

Additional arrangements were made to keep the temperature of the 
visual purple solution constant durmg an experiment and for a rapid 
change of the controlled temperature between experiments A stream of 
water from a thermostat was passed through the cell holder, a thermo- 
meter bemg placed in the exit stream The water normally returned directly 
to the thermostat The regulator m the thermostat was fitted with a 
calibrated side arm and tap for the rapid adjustment of the amount of 
mercury it contamed and thus of the temperature to be maintained m the 
thermostat Two platmura wires were placed in the capillary of the 
regulator, one with its tip slightly above the other Oontact of the mercury 
with the upper platmum wire operated an electromagnetic clip which 
directed the return flow from the cell holder through a copper spiral 
immersed in a stirred ice bath before retummg to the thermostat — thus 
coolmg the latter Breakmg of the lower platmum -mercury contact turned 
on a heater in the thermostat In this way regulation was obtained at 
temperatures over the range 6-60° 

The time taken for the contents of the cell to acquire a steady tem- 
perature and the relation between this temperature and that rea4 on a 
thermometer m the water stream, was determmed by means of a calibrated 
thermocouple immersed m the centre of the water-filled cell It was found, 
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for example, that with the cell uutially at 0“ and a flow-water temperature 
of 39 1“, a steady temperature of 38 0° waa set up mside the cell m 10 mm 
In all experiments a suitable interval was allowed to obtam the steady 
state, care being taken to avoid too much thermal decomposition at the 
higher temperatures The corrections bemg rather vanable and, as will be 
seen below, an accurate knowledge of the temperature bemg unnecessary, 
the temperatures recorded m this paper are those of the flow-water 

Method of extractton 

The visual purple was extracted from the retinae of frogs The method 
of extraction is summarized here, the full details being given m a paper by 
Lythgoe (1937) 

The rods contammg the visual purple were removed from the retina and 
dried They were then washed with petrol other (B P 40-60°) to remove 
ether-soluble impurities and treated with a pH 4 6 buffer solution to pre- 
cipitate some of the proteins Finally the visual purple was hberated from 
the rods by adding a solution of 1 % digitonm in water After centnfugmg, 
the supernatant flmd was buffered by the addition of an equal volume of 
M/20 standard Clark and Lubs’ buffer solution (Clark 1928) The final pH 
values of the solutions were determined or calculated All solutions pre- 
pared by this method were free from opalescence and remamed so durmg 
the bleaching They did not form any precipitate even after they had been 
kept for several weeks The much higher purity of the visual purple 
solutions used for the present experiments can be appreciated by com- 
panng the densities after bleaching (Table I, p 226) with those m the 
previous pajicr 

Jtana esculenta were used for all of the expenments except Nos 61 
and 62 , in these, ten R temporarta were used with two R esculenta Usually 
twelve frogs were used to prepare 2 c c of the final solution The expen- 
ments were earned out in the summer and early autumn of 1936 


3 — Theoretical 

The following symbols and defimtions are used m this paper 
/, mtensity of light, expressed as number of quanta per second, mcident 
on the solution , 

It, mtensity of hght transmitted by the solution at a time t. 

If , mtensity of light transmitted by the solution after complete bleach- 
ing. 
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t, time from the imtial exposure of the solution to the light , 

I, mtemal length of the optical cell, 

A, exposed area of the solution, 

V, volume of the solution , 

n, number of centres of absorption (chromophonc groups) m the 
volume F of solution, 

c, concentration, expressed as the number of chromophono groups 
divided by the volume of solution , thus c = »/ F , 
y, quantum efficiency, a ratio defined as 

number of chromophonc groupmgs destroyed 
number of quanta absorbed by visual purple ’ 

a, extmction coefficient per chromophonc group expressed in square 
centimetres and defined by the equation 



In a previous paper (Dartnall, Goodeve and Lythgoe 1936) we have 
shown that the theoretical equation 

logej~j < + constant (1) 

accurately deacnbes the bleachmg kinetics of visual purple solutions con- 
taining stable light absorbing impunties Experimental values of 

whea plotted agauist time gave straight Unea of slope ^ 

The quantity ^ has been shown to have the value, 


I, 

^-1,-1, I log,///,’ 


(2) 


but, although a vanable, the change in its value for any one expenment is 
negligible The rate of bleachmg of a solution contaimng foreign absorbmg 
matter would be less than that for a pure solution The slope of the straight 
Ime would be less, but the value of ^ gives an exact measure of this 
reduction Correct values for ay in absolute units could, therefore, be 


obtamed For pure solutions of visual purple, If = I, and = 1 ^ 

In the denvation of equation (1) it was assumed that the products of 
the bleachmg do not absorb light appreciably Such products would not 



220 H J A Dartnall, C P. Qoodeve and R J. Lythgoe 

affect the vahdity of the equation if they decomposed to a colourless sub- 
stance at a rate rapid compared with the rate of photodeoomposition of 
visual purple This, however, is not always so and it will, therefore, be 
necessary to consider cases where the light absorption of the products 
cannot be neglected 


The case where stable light absorbing avbstanc.es are prodvced 
It will be assumed that the products of the bleaching are formed stoichio- 
metncally from the decomposition of visual purple and that once formed 
they are stable Assuming that Beers’s and Lambert’s laws of light 
absorption hold for all components, the optical density of the solution at 
any time, t, is 

logej = acZ + za'(Co-c)l-t-d(, (3) 


where za! has been written for aa„ + 6a(,-f , ttg, «{,, , being the ex- 

tmction coefficients of the products of the bleachmg and o, b their stoichio- 
metric relation to visual purple, </<, the density of the impurities (stable) 
present and Cj, the concentration when t - 0 

Differentiatmg (3) with respect to time and rearrangmg. 


l,{ll ■ 


( 4 ) 


From the definition of quantum efficiency given above, the rate of decrease 
in the number of visual purple chromophonc groups, is equal to the 

product of the quantum efficiency and the mtensity of the light absorbed 
by the visual purple This latter quantity is related to the total hght 
absorbed (/ — /,) by the ratio of ocl to the total density We have, there- 
fore, 

dn ..dc ad t\ /.» 

dt~ dt~^ ad+za'(Cf^-c)l + di ^ ^ ) 


By eliminatmg dc/dt between (4) and (6) and rearrangmg, 

dl, ad-za'd I-I, ay/ 

Ifdl ~ ad+za'{Co—c)l+di I A 


The density of the completely bleached solution is 

logeY = za'co-»-d< 


(7) 
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Subtracting equation (7) from equation (3) 

log*^ = obd—za'd (8) 

Whence, substitutmg equations (3) and (8) m (6) 


I,dt ~ log,///, I A 


( 9 ) 


Multiplying both sides of this equation by J > comparing with 
equation (2), 

I,~I, I,dt ^ A 


(10) 


As shown below, ^ may be considered constant Therefore, mtegrating (10), 


log* 


/, 


I , 


( 11 ) 


It 18 seen that this equation is identical with equation (1) The plot of 
agamst t should therefore give a straight line as in the oases 
considered previously 




The correcting function <j> 

From equation (2) it is seen that <f> depends on two constants, I and /^, 
and on a variable, I, These may be expressed m any convenient umts 
such as galvanometer deflexions (when linear with /) /, may have values 
anywhere between / and very nearly zero, and may be greater than or less 
than If Values of /, greater than If correspond to the case where the 
photochemical change causes an increase in the density due to the forma- 
tion of a stable product which absorbs light more strongly than the 
ongmal substance This occurs with visual Jiurple m the violet end of the 
spectrum 

At the end of an experiment, that is when no further change takes 
place. If IS equal to If and ^ is given by 


I-If 1 

■ / log*///, 


( 12 ) 


In aU of the experiments described below the value of ij> remamecl remark- 
ably constant, depending almost exclusively upon the values of I and If 
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according to equation (12) This can be shown always to be the case by 
taking any arbitrary set of values off, If, and ij and calculating ^ 

The maximum vanations m ^ over the whole range of a bleaching curve 
with an initial optical density of 0 6, for various values of Iff I are as follows 

1,11 10 oe 0 8 0 6 

Final density 0 0 0 046 0 097 0 301 

Value of 1 0 0 067 0 91 0 74 

Value of 1 0 0 96 0 897 0 721 

Variation 0 0 7% 14% 2 7% 

For most of the experiments described below, Iff I was between 0 9 and 
1 0 

The correction for the thermal decompoaxtton of visual purple 
Visual purple decomposes in the dark, and at temperatures above 26° 
corrections for this thermal reaction were necessary A number of experi- 
ments were earned out and it was found that at a pH of 9 2 the velocity 
of decomposition followed the equation of a first order reaction 

= ^iCor logioc= -|i^-f-]ogioCo (13) 

The velocity constant expressed m sec increased with the absolute 
temperature, T, afiproximately according to the equation, 

logioJfci = — h 23 9 (14) 

The thermal reaction was found to give the same products as the photo- 
chemical reaction The reactions presumably proceed independently and, 
therefore, the total reaction rate on illumination is given by equation (6) 
plus an extra terra, “kiVc” By proceeding as above one amves at the 
following equation in place of equation (11) 

logej^'y = 0 t+ky^ J — i + constant (16) 

For solutions of not too high a concentration of visual purple the mtegral 
term becomes simply kyt In such cases the correction for the thermal 
decomposition can be made by subtracting ky from the slope of the 

log* j-^y time Ime For high concentrations straight lines should not be 
obtamed if the thermal decomposition is pronounced 
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In most of the experiments indicated m Table I this correction could 
be justifiably applied as the densities were not high and the correction 
itself was not large For a few experiments at ^H’s other than 9 2 special 
determmations of the correction were made 

The coloured products of photodecomposthon of visual purple 

It has been generally accepted that visual purple bleaches to a substance 
called visual yellow It has been found (Lythgoe 1937) by a study of 
absorption spectra that at least two coloured products may arise, one of 
which has been called “transient orange” from its colour and instabihty 
at temjieratures above 20° and a second which has been called “mdicator 
yellow ” from the fact that it changes colour with pH Indicator yellow 
has a deep yellow colour m acid, and a pale lemon colour in alkahne 
solutions It 18 not very stable in acid but is stable up to 60° in weak 
alkahne solutions Most of the expenments referred to below were earned 
out at a pH of about 9 2 where the absorption by mdicator yellow of hght 
of A = 606 m/i 18 neghgible 

On bleaching rapidly a solution of visual purple at a temperature of 
about 10°, tlie colour of transient orange appears, and passes ultimately 
to that of mdicator yellow It is possible (Lythgoe 1937) that transient 
orange is intermediate between visual purple and indicator yellow, bemg 
formed from the former by the action of Ught and decomposing mto the 
latter thermally No evidence of a photochemical decomposition of 
transient orange lias been obtained 


The expenmental values of logu 7—^ for twenty -nine exjienments are 

plotted agamst the time m the figure The time scales of the curves have 
been successively displaced merely for convenience, the start of the 
illumination in each case bemg indicated by the short vertical line Expen- 
ments earned out with the same preparation of visual purple are grouped 
together All expenments earned out are shown, with the exceptions of 
No 66 which was used for special purposes and of No 76 which failed for 
mechanical reasons In most cases the first observation of the light in- 
tensity was made one half-minute after the beginning of the lUum^tion 
and thereafter at mmute intervals Observations were earned out until 
the solution was completely bleached but those very near the end are not 
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plotted m fig 1 as the corresponding values of the function log^^^^• 

If- If 

have an error grossly disproportionate to that of the hght intensities 
themselves 

The important data for the experiments are given m Table I, the first 
section of which refers to those expenments earned out at the alkalme pH 
of about 9 2, and the second to those earned out in approximately neutral 
solutions The experimental data are arranged in order of increasmg tem- 
peratures, the values of which are given in column (10) The initial densities 


^logioj^j, column (3), correspond to the lower termmus of each curve 
The final densities |logio^j, column (4), indicate the light absorption 
due to impunties and/or the products of bleaching 

It will be seen from the figure that the results of all expenments, except 
Nos 66, 61, 68 and 70, he closely on straight lines This may be taken to 
indicate that the above theoretical treatment adequately describes the 
bleachmg process m the twenty-five expenments, and that m each case 
the product of the extinction coefficient and the quantum efficiency, ay, 
may be calculated from the slope of the straight line The values of the 
slopes (with the factor for conversion to natural loganthms) are given m 
column (6) Where there was a shght departure from the straight line more 
weight was given to the slope in the earlier part of the expenment The 
first order velocity constants for the thermal reaction are given in 
column (6) On subtracting these from the values in column (6) (see 
equation (16) et aeq) the photochemical contribution to the slope is 
obtamed as set out in column (7) The mean values of (j), equation (2), and 
the light mtensities in quanta per sec are given m columns (8) and (9) 
respectively The cross-sectional area of the cells used for all expenments 
was 0 913 cm * The values of ay calculated from these results are given m 
column (11) 

The expenments. Nos 66, 61, 68 and 70 for which straight fines were not 
obtained, were all earned out between 10° and 16°, whereas it will be noted 
that straight fines were obtamed at 6° and at and above 20° As desenbed 
earlier, one of the products, “transient orange”, has been found to be 
unstable at temperatures above 10° Above 20° its rate of thermed decom- 
position 18 very fast compared with the rate of photodecomposition of 
visual purple and, therefore, its concentration never becomes great enough 
to have an appreciable effect on the hght absorption At 6° it is com- 
paratively stable and its effect is accounted for by the value of <j> accordmg 
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Time m seconds 
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to the above theoretical treatment At temperatures between 10° and 16° 
where its rate of decomposition is comparable with that of visual purple, 
straight hues are not obtamed and the above method of analysis breaks 
down Very approximate values for ay, obtamed from values of If which 
were calculated assummg that the transient orange was stable, are shown 

in brackets m column (11) It is to be noticed that the value of logio^*y 

for each of these four experiments falls below the straight hne m the 
latter part of the experiment This is to be expected from the fact that the 
presence of transient orange has slowed down the rate of attamment of 
the final intensity of the transmitted light The range of temperature over 
which straight hne relations are not expected deiiendson the light mtensity 
At higher light mtensities the bleaching of visual purple may be com- 
parable with the rate of decomposition of the transient orange at 20° or 
even at 26° In very weak light, on the other hand, transient orange may 
not be observed at the low temperatures The discrepancies m the hterature 
with regard to the colour of the products from visual purple may be bound 
up with these facts 

It has been found by Kuhne (1879) that a frozen retma (-13°C) 
bleaches much more slowly than an unfrozen retina whose temperature 
was just below 0° C Garten (1906) confirmed these observations We also 
have found that frozen solutions of visual purple bleach very slowly but 
it was not possible to carry out quantitative expenments of this type 

Discussion 

The straight Imes shown in the figure provide extensive confirmation of 
the statement made in the previous paper that the value of ay is mde- 
pendent of concentration over a wide range a is almost certainly a con- 
stant at these very low concentrations, and, therefore, one may conclude 
that the quantum efficiency is mdependent of concentration 

From the values in column (11) of Table I it is seen that ay is mde- 
pendent both of temperature, except possibly at low temperatures, and 
of ^H, over the range 6 8-9 2 Separate measurements have shown that a 
18 effectively constant (decreasing by about 2%) between 18° and 33° 
and 18 independent of pH. over a wide range One may, therefore, con- 
clude that the quantum efficiency is also mdependent of temperature and 
pH The lower values obtamed at 5° may be taken to mdieate a slight fall 
of the quantum efficiency, which fact may be connected with the probable 
low value of ay m a frozen solution 
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The mean value of ay for A = 606m/t over the range 20-60° la found 
to be 9 X 10-^’ cm * molecules per quantum In takmg this mean, the 
values in brackets, those at 6° and that for Exp 64, have been neglected 
The high value for Exp 64 is mexplicable — possibly a catalyst was present 
which caused a faster thermal reaction than that calculated from equation 
(14) 

The accuracy of the above absolute value for ay depends on the deter- 
mination of the light intensity by means of a thermopile Unfortunately 
this measurement was subject to a large but nearly constant correction 
due to the presence of infra-red radiation reflected by the optical parts of 
the monochromator The correction has been determined and applied to 
the results in Table I, but they may have a constant absolute error 
of + 20 % The results given in the previous paper were not corrected, but 
when this is done they are brought into agreement with those given here 


Conclusions 

A photochemical reaction may be divided mto two stages The first, the 
‘ primary process”, consists m the absorption of a quantum of hght 
resulting in the production of an activated molecule, which may, m 
certam caaes, be a new molecular species Temperature is invariably with- 
out elfect on this part of the reaction and one and only one molecule or 
chromophoric group is altered by the absorption of a light quantum 
“Secondary processes” are of a number of tyjies In some photo- 
chemical reactions, the products of the primary process catalyse further 
decomposition of the photo-reactant The mechanism is commonly of the 
type known as a “chain reaction” Such secondary processes almost 
invanably are markedly influenced by temperature and commonly by 
concentration They lead to quantum efliciencies for the whole process 
greater than unity and varying over a wide range The constancy of y for 
the photo-deconiposition of visual purple provides a strong argument 
against the existence m this reaction of secondary processes of this type 
One may therefore conclude that the quantum efficiency for the bleaching 
of visual purple is not greater than unity This leads to the conclusion that 
the extmction coefficient a is equal to or greater than 9 x IQ-i’ cm * 

In other reactions, activated molecules may be deactivated by collisions 
with solvent molecules before the photochemical change has tune to 
become complete The number of molecules bleached by the hght becomes 
only a fraction of the number of quanta absorbed, i e y becomes less than 
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unity The fraction of the pnmary process which is followed by de- 
activation 18 generally found to be independent of concentration at low 
concentrations and more or less independent of temperature 
The completion of the photochemical change acts m competition with 
the deactivation This completion may involve a rearrangement of the 
atoms m the activated molecule, a reaction with the solvent water or a 
reaction with another part of the molecule, etc The nature of this part of 
the photochemical process cannot lie profitably discussed on existmg 
evidence It can be said, however, that, if the completion takes place very 
quickly after the primary process, temperature would have little influence 
If, on the other hand, it is slow due to the existence of an energy of acti- 
vation, temperature would have a marked effect 

It 18 diflicult to estimate the relative probability of deactivation and of 
completion except that one could say that a high deactivation fraction 
would not be easily reconciled with the observed constancy of the photo- 
chemical bleachmg of visual purple when it is subjected to vanations of 
temperature, of pH and of buffer salt concentration On the other hand, 
considerable deactivation must take place m frozen solutions and possibly 
some at 6° It would seem sunpler to conclude that deactivation is absent 
above 20° and sets in at 6° becoming strong in the frozen solution, rather 
than that an otherwise constant deactivation fraction suddenly mcreases 
when the temperature is lowered below 6° Absence of deactivation would 
mean that the absorption of a quantum of hght always resulted m a per- 
manent photochemical change, i e that y would bo equal to unity The 
extinction coefficient a for A = 606m/< would have the value, 9 x 10~i’ cm ^ 
and €, the decadic molar extmction coefficient, the value, 2 3 x 10* Such 
a value is a normal one for a chromophonc group which exhibits continuous 
absorption of the same type as visual purple In the previous paper 
(Dartnall, Goodeve and Lythgoe 1936) this was put forward as an argument 
in favour of a low deactivation fraction (a high fraction would lead to a 
low value of y and an abnormally high value of a) Further searches of the 
literature have served to strengthen this argument as no substances 
exhibitmg this type of absorption have been found with a maximum of 
extinction more than twice that of visual purple 
The above arguments, based on the experiments described m this paper, 
lead to the conclusion that the quantum efficiency for the bleachmg of 
visual purple is equal to or not much less than umty 
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The theoretical considerations developed previously for the photo* 
chemical bleaching of a hght absorbing substance have been extended to 
include the case where the products absorb hght Twenty-five out of 
twenty rune experiments with visual purple were found to be m accordance 
with these and the previous considerations In the remaining four, the 
decomposition of a coloured product, “transient orange”, proceeded at 
a rate comparable with the rate of bleaehmg of visual purple The quantum 
efficiency of the bleaehmg process was found to be independent of tem- 
perature over the range, 20-60“, and of pH from 6 8 to 9 2 It is concluded 
that the quantum efficiency is equal to or not much less than unity, and 
that the molar extmction coefficient (A = 606 mp) is 2 3 x 10* 

The authors are indebted to Mr R C Amsden, Mr J P Qmlham and 
Dr E Schneider for assistance with the experiments and to the Rocke- 
feller Foundation for a generous grant m aid of this research 
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Introduction 

A considerable amount of research has been earned out m this country 
and elsewhere on the forms of motion in layers of fluid made unstable by 
heating from below of which a summary has been given by Walker ( 1935) , 
and a theoretical treatment by the late Lord Rayleigh (1916) has given an 
indication of the magnitudes of the temperature diflerenoes which can 
subsist m a layer of fluid without motion Jeffreys (1928) has also discussed 
the theoretical aspects of the question, and modified the cntenon given by 
Rayleigh for a vanety of boundary conditions 

The present research was undertaken at the suggestion of Professor D 
Brunt with a view to testing the cntenon of stebihty given by Jeffreys, 
according to which the difference of temperature between the top and 
bottom of a layer necessary to produce motion in the layer is approximately 
inversely proportional to the cube of the depth, and to studying the varia- 
tion m the form of the motion with varymg depth of the layer of flmd and 
with varymg differences of temperature between top and bottom of the 
layer 

In Part I is discussed the case where the fluid as a whole has no imtial 
motion, while Part II refers to the case where the fluid is sheared by the 
motion of its upper boundary The present research is a continuation of the 
work earned out m the Meteorological Department at the Imperial Collie 
of Science and Technology, London, by Sir Gilbert Walker and a number 
of his pupils 


Part I 

1— Experimental apparatus 

The. experimental chamber — The base of the chamber consisted of a flat 
stainless steel plate, of thickness ^ m and area 12 x 12 in The plate reatiiAi 
* Port I is an abstract of a thesis for which the degree of M So was awarded by 
the University of London 
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on a hollow asbestos-hned box, 8mm height, havmg the same area as the 
plate and provided with three levellmg screws The metal plate could be 
heated from below by pasamg a current through a number of coils of thin 
wire arranged at the bottom of the box 

The top of the working chamber was a thick sheet of plate glass 16 m 
square, fitted m a wooden frame in such a way that the glass formed the 
bottom of a vessel which could be filled with cold water By this means the 
temperature of the top of the vessel could be kept approximately constant 
Sets of brass pillars were used to support the glass sheet at any desired 
height above the metal plate The sides of the chamber consisted of a 
number of felt borders, introduced between the metal plate and the glass 
top A two-way hand-pump was used for producing smoke from a cigarette 
and mtroducmg it mto the chamber as an indicator of the motion 

Temperature measurement tnstde the chamber — Temperature measure- 
ments were made by means of platinum resistance thermometers, the re- 
sistance elements being of diameter 0 004 in Two of these elements were 
fixed as close as possible to the top and bottom plates, while another was 
fixed half-way between the plates 


2 — Experimental test of Jeffreys' formula 

Lord Rayleigh (1916), m a mathematical discussion of the breakdown of 
stability in layers of fluid heated from below, found that it was possible for 
a layer of fluid to remain m equilibnum, with denser fluid at the top than 
at the bottom, so long as the condition 

Pi-Po Jln*KP 

18 fulfilled Here p^ is the density of the flmd at the top, p^ the density at 
the bottom, k the coefficient of molecular diifusivity of heat, v the kmematio 
coelBcient of viscosity, g the acceleration of gravity, and h the depth of the 
layer For a gas this condition can be expressed m terms of temperature as 
follows 

Tg-Ti 21 it*kp 65Skp 
~T-< 4^4* or . 

where 7J, and Tj are the temperatures at the bottom and top of the chamber, 
respectively, and T the mean temperature 
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Jeffreys ( 1928 ) showed that for the boundary conditions of the present 
senes of experiments the above mequality should be replaced by 

Tp-Tt 1709/cy 1709 

T ^ gh» ' kvT 

It was readily shown exjienmentally that the layer of air could remam m 
equibbnum with higher temperature at the bottom than at the top When 
the bottom plate was heated, no motion was observed m the chamber 
imtil the (bfferenoe of temperature between bottom and top exceeded a 
limitmg value whose magnitude depended on the depth of the layer Thus, 
when the depth was 10 mm , no motion could be observed until the difference 
of temperature exceeded about 1 1 4° C 

In practice it was found easier to estimate the hmitmg value by first 
heating the bottom plate until the difference of temperature was sufficient 
to produce motion, then allowmg the metal plate to cool slowly The critical 
stage at which aU motion had just ceased could then be observed, and the 
correspondmg difference of temperature measured Smoke was introduced 
into the chamber at mtervals, and the patterns of the motion closely 
watched As the difference of temperature gradually cbminished, the motion 
m the chamber slowed down, and eventually a stage was reached at which 
it stopped completely At this stage, as well as with still lower differences 
of temperature, no patterns of flow could be seen when fresh smoke was 
introduced mto the chamber As the critical stage was approached, tem- 
perature readmgs were taken in quick succession, and the temperature 
difference at the cntical stage could be determined with reasonable accuracy 
The cntical temperature differences for vanous depths are given in 
Table I, m the column headed dT The next column gives dTjKvT The 


Tables I — Diffbbbnobss of tbmpbbaturb between top and bottom of 

A LAYBB OF AIR AT OBITIOAL STAOB WHEN MOTION IS JUST POSSIBLE 


Temp Temp 

bottom top 
Depth ® C ° C 


Temp 

centre 

“C 

6 


“C 

c-a ATjKvT n09/gh» 


16 

12 

10 

8 

7 6 

7 

6 


30 2 
36 7 
38 3 
33 8 

33 6 
32 3 

34 3 
32 3 


26 7 

27 6 
26 8 

23 7 
25 8 

24 8 
27 3 
27 0 


29 6 
32 3 
32 1 
28 6 
28 6 
28 6 

30 9 
30 2 


3 6 0 32 0 41 

9 1 0 81 0 99 

114 101 171 

10 1 0 91 3 33 

7 8 0 70 4 03 

7 6 0 68 6 00 

7 0 0 62 7 90 

5 3 0 48 26 70 
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corresponding differences, 1709/flrA*, calculated from Jeffreys’ formula, 
have also been tabulated for comparison With a depth of 2 mm stabibty 
bad not been attamed when the temperature difference had fallen to 1 3° C 
To establish a temperature difference of this order uniformly over the whole 
plate with this depth of chamber did not appear to be possible, and so the 
ontical pomt for this depth could not be observed accurately 



Flo 1 — Observed vhIuos of ATJkvT, for different depths, shown by broken curve 
Continuous curve is for 1709/jrA*, which represents the corresponding values given by 
Jeffreys’ theory 

The observed values of the cntioal temperature differences necessary to 
produce motion in the chamber, divided m each case by the mean tem- 
perature of the layer and by kv, are plotted m fig 1, together with cor- 
responding values as computed from Jeffreys’ equation The experimental 
results show fair agreement with the theoretical entenon in layers of depth 
exceedmg 10 mm , but in shallower depths, m which, as will be explamed 
later, the imtial motion was different m character from that m deeper 
layers, the curves m fig 1 deviate widely 

3 — Convection patterns 

It was found that the motion m the chamber, as shown by the smoke 
patterns, vaned considerably with the depth of the chamber and with the 
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temperatore differences, the results obtained falling into three distinct 
groups 

1 — ^With a depth equal to, or greater than, 10 mm , the smoke patterns 
are partly m the form of polygonal prismatic cells, m which the motion is 
mward towards the centre at the top, downward m the centre, and upward 
along the penphery, and partly m the form of double rolls with descending 
motion along the boundary aeparatmg the two rolls which form a pair 
S’!® 2, PI 3, shows a photograph taken from above when the chamber has 
a depth of 10 mm The pattern does not remam fixed, rolls appearmg to 
break up mto polygonal cells, and cells to jom up mto long rolls, m an 
apparently irregular manner Similar patterns were observed with all 
depths of chamber from 10 to 16 mm , the diameters of the polygonal cells 
and the widths of the rolls increasmg with mcreasmg depth of the chamber, 
and also with mcreasmg difference of temperature between top and bottom 
The boundaries of the smoke patterns showed up more clearly when the 
difference of temperature between top and bottom of the chamber was 
mcreased, but tended to become wavy when this difference became very 
great Occasionally a circular or elliptical cell was formed out of a polygonal 
cell, but the polygonal cell is the basic form 

A very effective way of deraonstratmg the nature of the motion m the 
chamber is to spread a layer of thick smoke gently along the bottom of the 
chamber After a short mterval of time air descendmg from above punches 
clean-cut circular holes m the smoke sheet Gradually the air circulatmg m 
the cell above the hole tears away tmy wisps of smoke from the surrounding 
mass of smoke, oarrymg it upward over the boundary of the hole, then 
inward towards the centre, and gradually distnbutmg the smoke through 
the whole of the cell This experiment could only be demonstrated when the 
difference of temperature in the chamber did not exceed about twice the 
ontical difference shown m Table I 

2 — ^When the depth of the chamber is 6 mm or less, the smoke pattern no 
longer shows any resemblance to polygonal prismatic cells When smoke is 
now introduced mto the chamber it first breaks up into strips parallel to 
the direction of motion of the smoke mto the chamber, as shown m fig 3, 
PI 3 In each of these strips there is upward motion along the central Ime, 
which appears as a strongly marked white hne This motion is oppoate to 
the downward motion along the central Ime of the double roUs m fig 2, 
PI 3 After a brief mterval a shallow layer of clear air forms immediately 
above the heated plate, this bemg the dust-free space discussed bjr Aitken 
(1884), the clear an bursts upward to the top of the chamber m small 
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vertical columns, which form clear centres at which ascent appears to con- 
tinue indefinitely The persistence of the ascending motion can be demon- 
strated by introducmg a small quantity of fresh smoke through a capillary 
tube mto the bottom of the chamber immediately below a clear space The 
fresh smoke immediately rises, and momentarily fills the clear space The 
centres of convection tend to drift to and fro, so that after a time it is 
difficult to recognize any definite pattern m the smoke Similar patterns 
were obtained m shallower depths, but m a chamber of 2 mm depth, with 
a high difference of temperature, it was found impossible to fill the chamber 
with smoke 

The description of “Type I” is suggested for the motion observed m 
chambers of depth 10 mm or more, while the motion observed m chambers 
of depth 6 mm or less may convemently be descnbed as of “Type II” 

3 — With depths of chamber less than 10 mm down to 7 mm , it was 
found that so long as the difference of temiierature between top and bottom 
of the chamber is relatively small, the motion is of Type I, and is similar to 
that shown in fig 3, PI 3 With large differences of temperature the motion 
becomes of Type II, similar to that shown m fig 2, PI 3, except that the 
long double rolls shown m fig 2 are now mamly replaced by polygonal cells, 
with descent at the centre Fig 4, PI 4, shows this for a depth of 7 mm 
At the top left-hand comer of the picture, the pattern shown is of Type II, 
with ascent at the middle of the round structures there shown, probably 
due to the insufficient heating of the bottom plate in that corner It was 
noted that when large differences of temperature were set up m a chamber 
7 or 7 5 mm m depth, the polygonal cells which then filled the whole 
chamber showed no tendency either to drift about or to jom up mto rolls 

Tablb II 

Temperature 


Depth of chamber difference 

mm °C 

7 0 103 

7 fi 62 

so 23 


With depths of 6 mm or less, it was found impossible to produce motion 
of Type I, no matter how great a difference of temperature was set up 
between the top and bottom of the chamber by heating the bottom plate 
It was, however, found possible to set up a pattern of Type I m 6 mm by 
producmg a large difference of temperature by ooolmg the top of the 
chamber by the evaporation of hqmd air 
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In Table II are given the miminum differences of temperature for the 
change from convection of Tjrpe II to that of T5rpe I These three values 
are represented m fig 1 by the crosses shown for the corresponding 
depths It IS seen that, particularly for 7 and 7 6 mm , there is excellent 
agreement between these observations and the theory given by Jeffreys 

4 — Comparison with Jeffreys' theory 

The theoretical treatment given by Jeffreys and Rayleigh assumes that 
the motion is of the type shown in fig 4, PI 4, though the theory gives no 
indication of the direction in which the air should circulate in the cellular 
structures Theoretically either direction of motion might be expected 

The results shown m tabular form in Tables I and II may be regarded as 
expenmental confirmation of Jeffreys’ theory for all depths down to 7 mm , 
so far as concerns the temperature difference at which the cellular motion 
demanded by the theory first appears The experiments show m addition 
that, in the shallower layers of less than 10 mm , another type of motion, 
that of Type II, appears at lower temperature differences than are required 
to produce the cellular convection of the theory 


Part II — Effrct of vShear 
I — Experimental work 

Description of apparatus — For the investigation of the effects of shear 
the apparatus used m the earher work was replaced by one m which the top 
of the chamber was covered by a long glass plate, which could be moved at 
a vanable rate m the direction of its length The apparatus was similar to 
that used by Graham (1933) for similar expenments, except that the heated 
metal plate wm flanked at its ends by black glass plates, which could be 
levelled mdependently so as to lie m the same horizontal plane as the metal 
plate The arrangements for heating the metal plate were similar to those 
m the apparatus described m Part I above 

The space between the movmg glass plate and the fixed metal plate 
formed the chamber m which the motion was studied The two ends of the 
chamber were connected by a wooden tunnel, leading mto the chamber at 
one side of each of the black plates The purpose of this tunnel was to 
provide for the free flow of air when draped by the upper glass plate, so 
avoiding return currents m the chamber 
Temperature measurements were made by means of two thermocouples 
mounted close to the upper and lower plates respectively The critical 
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diflferencea of temperature at which motion occurred m this chamber, when 
the top plate was at rest, were evaluated, and agreed with those given m 
Table I above Thus the method of measurmg temperature m the present 
senes of observations was comparable with that used m the experiments 
described m Part I 

The chamber havmg been adjusted to the required depth, the metal plate 
was heated until the difference of temperature between top and bottom of 
the chamber was of the desired magmtude The top glass plate was arranged 
so that one end just covered the chamber, and tobacco smoke was intro- 
duced mto the chamber at the end from which the movmg plate travelled, 
enough smoke bemg mtroduced to cover the whole of the black glews plate 
When the top plate was started, smoke was drawn over the heated metal 
plate, and the patterns of the motion which it revealed m the part of the 
chamber above the metal plate were carefully observed 


2 — Direct evidence for uniform shear 

A test was made to show that the moving plate produced approximately 
uniform shear through the whole depth of the chamber This was done by 
filhng the part of the chamber over one of the dark glass plates with smoke, 
setting the top plate m motion, and observing the behaviour of the smoke 
through a wmdow cut in the side of the chamber The front of the movmg 
smoke was observed to take the form of an incbned plane, showing that the 
layer of air in the chamber was subjected to a uniform shear throughout its 
depth 

3 — Effect produced by the boundary between the. hot and cold plates 
Since the base of the chamber consisted of three parts, of which the centre 
one was heated, boundary effects occurred at the edges of the heated plate 
When the top glass plate was stationary and smoke was blown mto the 
chamber, instability patterns appropriate to the depth of the chamber and 
the temperature difference between top and bottom formed over the greater 
part of the metal plate At the boundary between the heated metal plate 
and the dark glass plates there formed a long roll vortex, the motion of the 
air m this vortex bemg upward over the edge of the hot metal plate and 
downward over the edge of the cooler glass plate If now the top plate was 
moved, it dragged along with it the boundary vortex, and earned it over 
the heated plate As soon as the vortex was removed from the boundary, 
it tended to break up mto small circulations appropnat© to the depth of the 
chamber, but still arranged m hues across the plate, while another roll 
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vortex formed on the boundary behmd it With the differences of tem- 
perature between top and bottom of the chamber set up m the course of 
these experiments, such transverse rolls were not formed over the central 
part of the plate, even when the motion of the top plate commenced after 
the disturbances set up by the mtroduction of the smoke had died down 
This suggests that the transverse rolls must be regarded as a boundary 
effect, due to the nature of the apparatus used , but this cannot be regarded 
as proved 


4 — Effect of shear on motion of Type I 

The effects of shear were first mvestigated with chamber depths of 7, 8, 
12 and 16 mm , with shear ranging from 0 6 to 3 5 cm /sec , and occasionally 
up to 10 cm /sec , and with var3nng temperature differences The following 
results were obtained 

o — When the difference of temperature between top and bottom of the 
chamber was less than the critical value given m Table I, shear produced 
no smoke pattern, showing that shear did not modify the condition for 
vertical stabihty 

b — With a difference of temperature that is relatively small but sufficient 
to produce convection of Type I, and a small rate of shear, transverse rolls 
were formed at the boundary, and eventually filled the whole chamber The 
roll vortices were in pairs, adjacent vortices rotatmg m opposite directions 
As the rate of shear was mcreased, the transverse rolls tended to change into 
longitudinal rolls m the downwind part of the chamber (fig 6, PI 4) 

c — With a relatively large difference of temperature and a small rate of 
shear, the smoke patterns were generally similar to those obtamed with no 
shear, except that the cellular structures were shghtly distorted As the 
shear was increased, there was noted a marked tendency towards a longi- 
tudinal arrangement of these patterns, as shown m fig 6, PI 5 The greater 
the temperature difference m the chamber, the greater was the shear 
necessary to arrange the patterns longitudmally The typical cell showed 
the form ofthe one marked Am fig 6, PI 5 Similar patterns were obtamed 
m depths of 8 and 12 mm , but only with high differences of temperature 

d — With a high rate of shear, the chamber became filled wnth longitudinal 
double rolls, the two rolls m a pair rotatmg m opposite directions, with 
descendmg motion along their common boundary The pattern obtamed m 
16 mm depth is shown m fig 7, PI 6 The greater the difference of tem- 
perature m the chamber, the higher was the shear necessary m order to 
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produce thia effect For example, m a depth of 16 mm , with a difference 
of temperature of 47° C , no longitudinal rolls were formed by a shear of 
2' 3 cm /sec , but with a difference of 1 3° C a shear of 1 3 cm /sec gave well- 
defined longitudinal rolls A shear of 6 cm /sec was sufficient to produce 
longitudmal rolls m all the depths mvestigated, provided the temperature 
difference did not exceed 100° C With a depth of 16 mm a temperature 
difference of the order of 100° C combmed with a shear of 6 cm /sec gave 
longitudinal rolls whose edges were wavy, but the waviness disappeared 
when the rate of shear was still farther increased 

e — The longitudmal rolls were found to be very stable when once formed, 
especially m the greater depths mvestigated They persisted for some time 
after the top plate was stopped A similar result was derived m the expen- 
ments described in Part I above, where it was found that the rolls which 
formed when smoke was blown into the chamber tended to persist for some 
time, especially m the greater depths 


6 — Effects of shear on motion of Type 11 

When patterns of Type II in depths of 6, 4 and 2 mm were subjected to 
shear, the adjoming columns of clear am jomed mto lanes roughly parallel 
to the motion of the top plate, formmg ill-defined longitudmal patterns, as 
shown m fig 8, PI 6 It will be seen that two lanes of clear air sometimes 
start at the same pomt, the smoke between them assummg a lenticular 
form, with its pomted end facmg the direction from which the top plate 
moves, 1 e facmg upwmd 

The lengths of the lanes of clear air mcrease with mcreasing shear, 
showing that more and more of the ongmal centres then join up to form a 
lane of clear air When the rate of shear is small the number of short clear 
lanes is enormously mcreased, and the pattern becomes too irregular for any 
simple description 

The boundary phenomenon showed itself by the number of transverse 
breaks m the patterns near the boundary, as shown m fig 8, PI 6, on the 
left-hand side 

When the depth of the chamber was reduced to 4 or 2 mm , the patterns 
observed were precisely similar to those described above, the Imear dimen- 
sions being reduced m proportion to the depth In none of the depths m 
which motion of Type II was mvestigated was any pattern produced by 
shear when the temperature difference was less than the critical value shown 
m Table I 
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6 — Simultaneous produtAwn of motums of Types I and II 
Since the phenomena m ohambera havmg depths of 6 and 8 mm difier 
80 widely when the temperature difference is high, an experiment was 
earned out m which the depth of the chamber vaned contmuously from 
6 mm on one aide to 8 mm on the other When the top plate was moved 
across the chamber, the smoke showed all the usual patterns of Types I 
and II m the appropnate depths Fig 9, PI 6, shows the configuration 
when the shear was stopped 
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Summary 

Part I — A. layer of air, havmg no mitial mean motion and enclosed 
withm a chamber, was made unstable by heatmg from below, and the 
motion produced, made visible by tobacco smoke, was studied for a range 
of depths of the chamber and of temperature differences between the top 
and bottom of the chamber It was found that no motion occurred m the 
chamber unless the temperature difference exceeded a critical value, which 
vaned with the depth of the chamber 

The new results obtamed m Part I are 

a — ^That m depths down to 7 mm the temperature difference necessary 
to produce motion such as was mvestigated m the Rayleigh-Jeffreys theory 
IS m good accordance with the theoretical expression given by Jeffreys 

b — ^That m all depths below 10 mm a type of motion other than that 
discussed by Jeffreys occurs with lower differences of temperature than 
those given by Jeffreys’ theory 

Part II— When the air m the chamber was subjected to a sheer by the 
motion of the top boundmg plate across the chamber, it was found that the 
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smoke patterns might show transverse rolls, distorted polygons, or longi- 
tudinal rolls, the precise forms depending on the magnitudes of the rate of 
shear and of the temperature differences withm the chamber, or that if the 
original pattern shown in the chamber with no shear were of Type II 
(characteristic of depths of 6 mm or less), the effect of shear was to give 
spindle-shaped structures, whose length increased as the rate of shear was 
increased In shallow depths, 6 mm or less, transverse rolls were never 
produced, and the structures produced by large rates of shear were not in 
the form of distmct and well-defined double rolls such as are shown m 
fig 7, PI 6 The chief new features m Part II are the measurements of the 
temperature differences, as well as of shears, associated with the vanous 
patterns observed 


References 

Aitkcn,J 1884 “Collected Worb”, pp 84-113, Trarw RS Edxnb 32 
(Jraham, A 1933 Phths Trans A 232, 291-4 
Jeffreys, H 1928 Proo Roy Soc A, 118 , 195 
Rayleigh 1916 “Collected Papers”, 6 , 441, PAtf May 32,629 
Walker, 0 T 1935 “Clouds, Natural and Artificial ” Roy Inst , 8 Feb Lecture 
published by the Royal Institution 



The Production of Neutrons by Bombardment of 
Beryllium with a-Particles 

By T Bjsros 

InahttUe of Theorettcal Phystce, Copenhagen 
{CommunvMted by N Bohr For Mem R 8 — Recaved 21 September 1937) 
1— Introduction 

When berylhum is bombarded with a-particles, neutrons are emitted, 
and this was, in fact, the process giving nse to the discovery of the neutron 
by Chadwick (1933) The nuclear reaction by which Chadwick explained 
the production of the neutrons is 

JBe + tHe->«C + Jn (1) 

The energy distnbution of the neutrons, when a thick layer of beryllium 
is bombarded with a-particles from radon, has been investigated by 
Dunmng (1934). who detected the neutrons by recoil protons counted m 
an lomzation chamber connected to a hnear amplifier The maximum energy 
found by Dunmng is consistent with (1), inserting the atomic masses now 
fairly well known from other nuclear reactions and from mass-spectroscopic 
determinations (Oliphant 1936, Bonner and Brubaker 1936) It appears, 
however, that m most cases the neutron does not carry away the whole 
energy available, but leaves the *JC nucleus m an excited state Dunmng 
finds an excited state of c 6® e-volts, and Bernardim and Bocciarelli (1936) 
in similar expenments using polonium a-particles find excited states of 
6 6®, 4 6® and 3 0® e-volts 

This 18 in good accordance with measurements of Bothe (1936, cf also 
Maier-Leibmtz 1936), who found that the y-ray spectrum from berylhum 
bombarded with a-particles consists mamly of three hnes with energies 
6 7®, 4 2* and 2 7® e-volts The y-hnes found by Crane, Delsasso, Fowler 
and Launtsen (1934 and 1935) m other nuclear disintegrations givmg nse 
to the formation of an excited *JC nucleus are consistent with these values , 
see also the general survey m the report of Livmgston and Bethe (1937) 

In the experiments just mentioned only neutrons of energies greater than 
about 1® e-volts could be detected When the experimental techmque 
employed for the study of the neutrons emitted from berylhum under 
[ 243 ] 
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a-particle bombardment permits of measuring also neutrons with energies 
less than 100,000 e-volts, it appears that there is, besides the neutron groups 
already discussed, also a large amount of comparatively slow neutrons 
present This was first pointed out by Auger (1933), who studied the energy 
distnbution by means of a hydrogen-filled Wilson chamber and found that 
the neutrons could be divided mto two mam groups, one of them havmg 
energies of several milhon electron-volts (these are the neutrons measured 
by Dunning and others as already mentioned), the other havmg energies 
distnbuted around a 100,000 e-volts When the neutrons ongmated from 
a beryUium-polomum source, the two groups were about equally abundant 
From a berylhum-radon source, however, the number of neutrons of the 
slower group was about five times larger than the number of neutrons of 
the faster group 

Further evidence for the existence of a large amount of fairly slow neutrons 
accompanying the neutron groups of several milhon electron-volts energies 
IS provided by vanous exiienmental facts concerning the slowing down of 
neutrons to thermal velocities by colhsions with hydrogen nuclei Amaldi 
and others (1935) made a comparison between the density distributions of 
slow neutrons m a large vessel of water around two different neutron sources, 
viz a berylhum-radon source and a boron-radon source The distnbution 
around the former showed a much more pronounced accumulation of slow 
neutrons m the direct neighbourhood of the source than the distnbution 
around the latter, although the faster neutron groups from a berylhum-radon 
source have rather larger energies than the neutrons from a boron-radon 
source Also the total number of neutrons emitted from a berylhum-radon 
source can be determined in vanous ways by slowing them down m hydro- 
genous media Paneth, Gluckauf and Loleit (1936) find this number to be 
greater than 7000/seo /milhcune of radon, and Amaldi and Fermi (1936) 
find c 28,000 (the figure now generally adopted is about 20,000), whereas 
for the neutrons of more than about 1* e-volts Dunnmg (1934) finds a yield 
ofc 1600/sec /milhcune of radon Jackel (1934) finds 9000 for the number 
with energies higher than 90,000 e-volts A companson between these 
figures shows that only about 10 % of all the neutrons from a berylhum- 
radon source belong to the faster group, while the rest have energies of 
the order of 100,000 e-volts or less 

2 — ^THKOBETIOAIi OON8IDEEATION8 

Starting from the point of view put forward by Bohr (1936) the nuclear 
reaction m question has to be considered m two steps First the a-particle 
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and the JBe nucleus fuse together, thus forming a compound nucleus 
of high energy content 

JBe+SHe->»SC (2) 

Then this highly excited nucleus may disintegrate in a number of different 
ways, each of which has its own probabihty 

Thus the whole of the excitation energy (12-14* e-volts) may at some 
time become concentrated on one neutron, givmg nse to the disintegration 

(3) 


where the ^*C nucleus is left in the ground state, but it is more probable that 
only so much energy will be concentrated on one neutron, that the ^|C 
nucleus is left in one of its excited states From more detailed considerations 
(Bohr 1937, cf Bohr and Kalckar 1937 and Weisskopf 1937) it follows, m 
fact, that the most probable values for the kinetic energy of the ejected 
neutron should be about 1 or 2* e-volts for the disintegration in question, 
and that the number of neutrons ejected with greater energies should 
decrease exponentially with increasing energy The distnbution of fast 
neutrons from berylhum bombarded with a-particles, as found experi- 
mentally, eg by Bemardim and BocciareUi (1936), is in agreement with 
these expectations 

The ejection of a neutron with an energy as small as 100,000 e-volts, on 
the other hand, should be a very unlikely process, and the presence of a large 
number of such fairly slow neutrons can, therefore, not be explamed by the 
reaction (3) It is, however, quite hkely, and mdeed highly probable, that 
in addition to (3) the disintegration 

^SC->JBe-(-lHe (4) 

takes place If in this process the JBe nucleus is left in the ground state, the 
total process ((2) and (4)) is a scattering of the a-particle If, however, the 
JBe IS left m an excited state (which on Bohr’s theory would be more pro- 
bable, as soon m the energy is sufficient), it would, on account of its small 
binding energy, have a great chance to explode 

JBe -»■ JBe-)-Jn, (6) 

or more hkely 

jBe->25He-l-Jn (6) 

In (6) especially, the energy of the neutron might be quite small, because 

the mutual repulsion of the two a-particles will consume a large part of the 
energy present. 
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The total of (4) and (6) is a process by which an excited ^ nucleus 
breaks up into three a-particles and a neutron , such a process has been 
observed by Cockcroft and Lewis (1936) and by Bonner and Brubaker 
(1936) bombarding boron with deuterons 

iiB + fH->“C^3|He + Jn (7) 

Chadwick, Feather and Davies (1934), bombarding carbon by neutrons in 
the expansion chamber, have found a tnple fork of tracks presumably 
caused by the dismtegration 

i|C+Jn->.»JC->3iHe4-i» (8) 

An excited JBe nucleus, breakmg up m accordance with (6), can also be 
formed by the process 

JLi + JH->SBe-^2}He + Jn, (9) 

see e g Ohphant, Kempton and Rutherford (1935) 

The interpretation of the slow-neutron group expressed by (2), (4) and (6) 
has been proposed already in a very similar form by Auger (1933), who 
noticed that the different behaviour of the two groups, when the energy 
of the incident «-particles is changed, makes it likely that they are connected 
with two different modes of dismtegration With the better knowledge of 
atomic masses which we have now, it is possible to give this argument the 
following more precise form whereas (1) is energetically possible for any 
energy of the mcident a-particle and therefore may take place as soon as 
the a-particle has sufficient energy to break through the potential barrier, 
the process consisting of (2), (4) and (6) requires that the a-particle must 
dehver more than 2® e-volts to the system in addition to the energy necessary 
for an a-particle to break out through the potential bamer The hypothesis, 
that the fast neutron group is due to (1), the slow neutron group to (2), 
(4) and (6), is therefore supported by the fact found by Auger, that the slow 
group becomes relatively more abundant, when more energetic a-particles 
are used 


3 — Excitation cubves foe nbittbons 

The experimental work reported m the present paper was undertaken at 
the suggestion of Professor Bohr with the object of obtaimng more evidence 
as to the ongm of the slow-neutron group mentioned above 
If the a-particles emitted m the processes (4) and (6) could be detected 
and studied either m an expansion chamber or by countmg methods, this 
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would no doubt give the most direct information Unfortunately, however, 
the energies of these a-particles ore small and it would be difficult to detect 
them, especially as the a-particles scattered without any great energy loss 
would probably predoimnate As this method, therefore, did not seem very 
promising I conhned myself to tr3nng to estabhsh more quantitatively the 
different behaviour of the two main groups of neutrons when the energy 
of the mcident a-particles is varied 

Excitation curves, giving the yield of fast neutrons from berylhum as 
a function of the energy of the incident a-particles, have been obtamed by 



Fio 1 — Arrangement for meewunng the yield of neutrons 
as a function of the <x particle energy 


Chadwick (1933), who counted the neutrons by the recoils in an lomzation 
chamber connected to a linear amplifier, and by Rasetti (1932) and 
Bemardim (1933), who measured the lomzation current in a methane 
pressure ionization chamber The curves of Chadwick and Bemardmi are 
reproduced m fig 2 A sensitive method for measunng the yield of slow as 
well as fast neutrons is to surround the neutron source with paraffin and 
detect the neutrons, slowed down by colhsions with the hydrogen nuclei 
of the paraffin, by means of a boron-bned ionization chamber connected 
to a linear amphfier, or still better by an ionization chamber filled with BFg 
at a suitable pressure The experimental arrangement is shown in fig 1 
ThS neutron source A consists of a copper hemisphere of 2 6 cm radius, 
lined inside with a berylhum layer of 4 mm air equivalent (This layer was 
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evaporated on to the copper hemisphere by placing a herylhum crystal 
(c 50 mg ) m the centre and heating it by bombardment tn vacuo with 
electrons (from a hot tungsten filament) accelerated through some thousand 
volts ) At the centre of the hemisphere is placed a polomum source (about 
12-14 milhounes) deposited on a 7 mm silver disk The hemisphere together 
with the brass plate holdmg the polomum source form an airtight box 



Fig 2— Yield of neutrons as a function of a particle energy, large paraffin block 
(C and B are the curves of Chadwick and of Bemardim, respectively ) 

A given energy of the a-partioles fallmg on the herylhum is obtamed by 
filhng this box with carbon dioxide at a given pressure The a-particles 
leaving the surface of the source at nearly glancmg angles are cut off by a 
cylmdncal metal screen which allows only the rays withm a cone of c 120° 
to reach the herylhum 

The lomzation chamber Biaa steel cyhnder, 2 6 cm inner diameter and 
c 16 cm long, filled with boron tnfluonde at a pressure of about 1 6 atm 
The inner electrode is connected to a Wynn-Wilhams hnear amplifier with 
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a mechanical counter dnven by a thyratron The steel cylinder has a positive 
potential of c 1000 V, it is surrounded by an earthed brass cylinder of 4 cm 
outer diameter The chamber was made by Dr Jorgen Koch, who kindly 
put it at my disposal 

In one experiment A and B were embedded m a block of paraffin wax 
35 X 30 X 24 cm , m another, they were surrounded by a layer of paraffin 
wax, 2 cm thick on an average 

The result of the former experiment is plotted m fig 2 To obtain each 
point counts were taken for a period of 10-30 mm The values of the ordinates 



Via 3 — Yield of neutrons as a function of a, particle 
energy , small layer of paraffin 


have been corrected for the time-resolving power of the mechanical counter, 
and the “natural effect” of the chamber (15/min ) has been subtracted 
The residual range is taken as 3 90 cm less the air equivalent of 2 6 cm COj 
of the given pressure (and temperature) The errors indicated are the statis- 
tical mean-square errors, the curve was taken in both directions several 
times, and every tune the steep rise begmmng at about 3 6 cm residual 
range was conspicuous The sensitivity of the detecting apparatus, however, 
appeared to vary a httlo from day to day, so that, when plottmg all the 
pomts together, their spread around the best curve through the points is 
somewhat larger than to be expected from the statistical errors For com- 
parison, the curves obtained by Chadwick and by Bernardim are also given 
m the figure All three curves have a very similar appearance except that 
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the fast-neutron curve of Chadwick does not show the steep rise beginning 
at c 3 5 cm residual range This nse therefore is probably due to a group 
of fairly slow neutrons 

In order to establish this point more clearly, the large paraffin block was 
now taken away, and the source and oountmg chamber were surroimded 
with a 2 cm l»yer of paraffin wax Fast neutrons of several milhon electron- 
volts energy have a greater chance of escapmg nght through this layer than 
have neutrons of c 100,000 e-volts The measured yield should therefore 
be more reduced for the faster group than for the slower, when changmg 
to the smaller paraffin layer The result is plotted m fig 3, it will be seen that 
the group starting at 3 3 cm * is relatively stronger than m fig 2, whereas 
the curve for smaller energies of the a-particles has a shape practically 
identical with that of fig 2 This is seen very clearly m fig 7, where the two 
curves are scaled up to have the same ordinate at 3 2 cm It may be men- 
tioned that a curve taken with an intermediate amount of paraffin had an 
intermediate shape 


4 — Excitation curves for y-RAYs 

If the origin of the slow-neutron group is that mentioned m § 2, clearly 
no y-rays will be emitted in connexion with the emission of the neutrons 
of this group The excitation curve for y-rays from berylhum bombarded 
with a-particles has been measured by Becker and Bothe ( 1932 ) Their 
curve, which is reproduced in fig 6 (B & B), is derived from an integral 
curve obtained with a thick berylhum layer, and it is difficult to obtain the 
details correctly by this method I therefore considered it of mterest to 
measure this excitation curve, using the same neutron source as was used 
in the expenments of § 3 

Fig 4 shows the expenmental arrangement A is the same neutron source 
as m fig 1 The y-rays emitted from the berylhum layer produce Compton 
electrons in the copper hemisphere and the 1 mm copper plate P Some of 
these electrons will penetrate the two thm walled Geiger coimters JB and C, 
of which B 18 shown m section They have 3 cm diameter and 4 cm inner 
length and are made of 0 1 mm copper foil with ebomte bungs and a 
0 06 mm tungsten wire at the axis The cyhndncal wall is strengthened 
by nng-shaped corrugations The gas-filhng is dry hydrogen at 100 mm 
pressure The two Geiger counters are connected to two identical two-stage 
amplifiers, from which the impulses are fed on to two tnodes in a Rossi 

* It la difficult to say whether the apparent difference m abscissa from 8 6 to 
3 3 cm IS real or is due to experimental errors 
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oomoidence oirouit When both Roam valves are extmgiushed simultaneously, 
the impulse m their common anode oircmt strikes a thyratron, which drives 
a mechamoal counter The high tension for the Geiger-counter cyhnders 
(1600 V negative) was taken from one dry-cell battery, interaction between 
them bemg prevented by filter circuits and by the earthed screen S The 
source and counters were arranged in a horizontal plane m order to minimize 
the number of coincidences firom cosmic particles No shielding was pro- 
vided, because neutrons captured in the shielding matenal might have 
produced y-rays sufficiently hard to give oomcidences The screen 8 was 
a 0 4 mm iron plate, which means that the total stopping power of the 
matenal between the two counters was equivalent to 2 mm alumimum, 
this will out off completely any secondary electrons produced by the y-rays 


P S 



Fig 4 — Measurement of y rays by coincidences 

of the polomum (Bothe and Becker 1930) The “natural effect” of each 
counter was c 120/min , the time m which the Rossi valve is extinguished 
by any impulse m its Geiger counter is c 2 x IQ-* sec (calculated from the 
time constants of the circuits), from which it is found that the accidental 
comcidences should be about five per hour, in good agreement with the 
experimental value six or seven 

When the source is pumped out so that the a -particles fall on the berylhum 
with full energy, the number of counts per hour increases to an amount 
between 60 and 100 This number vaned slowly dunng the two weeks m 
which the measurements were made, the vanation seemed to follow the 
variation of the moisture in the room 

When plates of alumimum were mterposed between the counters, the 
number of coincidences decreased as shown in the curve, fig 6 This curve 
IS a measure of the hardness of the y-rays and is practically identical with 
the one given by Becker and Bothe (1932) 
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Pig 6 — Yield of y rays a 
“B & B” 18 the 
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When only the iron plate 8 waa interposed between the counters, and the 
COj pressure m the neutron source was vaned, the curve of fig 6 waa 
obtained The value at 3 9 cm residual range (aU CO 2 pumped out) was*u8ed 
as a standard of reference m the following way For every measurement 
the reference point was first coimted through 1 hr , then the point m question 
was counted through 1 hr , then agam the reference point Usually the 
measurement was repeated In this way two or three pomts were taken 
during a day and one dunng the mght (A similar procedure was used 
for the pomts of fig 8 The values for the reference pomt vaned very slowly 
and steadily between 80 and 100/hr when the curve fig 6 was taken, and 
was about 60 during the measurement of fig 6 ) 


6 — Conclusion 

In fig 7 the three excitatiop curves of figs 2, 3 and 6 are plotted together 
on an arbitrary scale of ordinates, chosen so that they comoide at the 
pomt with abscissa 3 2 cm residual range The 5 aeld of faster neutrons 



Fig 7 — Excitation curves for beryllium bombarded with Po a particles l,yray8, 
2, neutrons, large parafiSn block, 3, neutrons, small paraflBn lajer 


follows the yield of y-rays, whereas the group of slower neutrons emitted 
when the mcident a-particles have a residual range of more than 3 4 cm 
(average of the two values), is not accompamed by y-rays 
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Whde the faster groups and the y-rays are accounted for by the process (1), 
this process cannot, on theoretical reasons, account for the slower group 
The only natural explanation of this group is that given by the reactions 
(2), (4) and (6) The present experiments support this explanation by 
showing, in the first place, that the slower group of neutrons is not aooom- 
pamed by y-rays and, m the second place, that this group is emitted as 
soon as the a-particles have a range of at least 3 4cm, corresponding to 
an energy of 4 9® e-volts Within the hmits of error this is just the energy, 
which the a-particle must have m (2), in order that the JBe left m (4) has 
sufficient energy to split up into two a-particles and a neutron (process (6)) 
This energy is calculated as follows of the energy of the incident a-particle 
(process (2)) only ^ is changed mto inner energy of the nucleus When 
this nucleus sphts up (process (4)), the {He takes away a kinetic energy of 
at least 0 7* e-volts (measured in the centre-of-gravity system), and the 
JBe at least 0 3* e- volts [This is deduced from the fact denved from fig 7, 
that an a-particle must have a kinetic energy of 1 4* e-volts (0 8 cm range) 
in order to have a reasonable chance of penetrating into a berylhum nucleus 
When measured in the centre-of-gravity system, this energy becomes 

0 7* e-volts, and the kmetic energy of the {Be nucleus before the collision 
becomes 0 3® e-volts If we suppose the corresponding mutual velocity to 
be necessary for penetrating the potential barrier, this will also be the 
minimum mutual velocity, when a *JC nucleus sphts up mto {He -|- JBe ] 
Further, when m process (6) the JBe splits up mto a neutron and two 
a-particles, these latter wiU have a total kinetic energy (m them centre-of- 
gravity system) of at least c 0 6* e-volts (the potential energy of an a-particle 
in the Coulomb field of {He bemg half the energy m the field of JBe at the 
same nuclear distance) Taking the masses given by Ohphant (1936), we 
thus find for the excited JBe (process (6)) the mass 

2x4 0039 -f- 1 0091 -(-0 0006 = 9 0174, 

1 e 2 3* e-volts more energy than the normal JBe = 9 0149 In order to 
give the JBe this excitation and m addition provide the 1 0® e-volts necessary 
for the sphttmg up of m process (4), the incident a-particle must have 
an energy of (2 3 -f- 1 0) =* 4 8* e-volts 

The expenmental value 4 9® e-volts has some uncertamty (c 0 2® e-volts), 
especially because the fimte thickness of the berylhum layer may have 
changed the curve shghtly m a way that is difficult to estimate A similar 
uncertamty has to be asenbed to the calculated figure 4 8® e-volts 



Production of Neutrons by Bombardment of Beryllium 255 

I wish to thank Professor N Bohr for his kind interest m the work and 
Mr F Kalokar for instructive discussions My thanks are also due to 
Mr E Kofoed and Mr K Overgaard for their valuable assistance with the 
experiments and to Dr J C Jacobsen for helpful advice on the oomcidence 
counting circmt 


6 — Summary 

In the energy spectrum of the neutrons from berylhura bombarded with 
a-particles there are present some groups with energies of several nulhon 
electron-volts These are accounted for by the process 

*Be + JHe->>jC-l-Jn (1) 

The ^|C may be left in an excited state and afterwards emit a y-quantum 

There is also, as shown by Auger and others, a neutron group of energies 
of the order of c 100,000 e-volts Auger gave reasons for supposing that 
these neutrons are created in a process, where the incident a-partiole first 
transfers some energy to the jBe, which then dismtegrates in the following 
way 

SBe-»-2|He-t-J» (6) 

This view 18 supported by the ideas of Bohr on nuclear reactions The present 
paper describes experiments which give the yield of the faster and slower 
neutron group and of the y-rays as a function of the a-particle energy It is 
shown that the slower group is not accompamed by y-rays, and that it 
begins to be emitted at the a-particle energy which is just necessary for 
the process (6) to take place 

[Note added in proof — In collaboration with Mr K Overgaard an 
attempt has been made to extend the excitation curve for neutrons to 
higher a-particle energies by usmg thonum (B + C) preparations of 0 3-0 6 
milhcuries When the range of the incident a-particles mcreases from 3 9 
to 8 6 cm the yield of neutrons increases by a factor of 3, the rate of 
mcreaee being apparently fairly steady with a tendency to dimmish as 
wae to be expect^ Still, this can only be taken as a rather rough measure- 
ment, the effect obtamed bemg too small for aecertaimng the details of 
the curve ] 
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On the Penetrating Component of Cosmic Radiation 

By H J Bhabha 

Qonmlle and Caius College, Cambridge 
{Communicated by R H Fowler, F R S — Received 4 October 1937 ) 
Introduction 

The position m cosmic radiation has changed considerably in the last year 
both from the experimental and the theoretical side, so that it is now possible 
to oo-ordmate the vanous independent observations to a degree which was 
not hitherto possible and to draw some important conclusions from them 
Smoe it has been shown by Rossi (1934a) and his co-workers, Auger 
and Ehrenfest (1934) and Street, Woodward and Stevenson (1935) that 
there are smgle ionizing particles in cosmic radiation which penetrate 
more than a metre of lead, and further, accordmg to the theory, no electron 
of any reasonable energy can make its effects felt through more than about 
15 cm of lead, it has become clear that the behaviour of the penetratmg 
component of cosmic radiation faces us with at least one of the two follow- 
ing conclusions 

a — ^The theoretical formulae for the energy loss of fast electrons break 
down for energies above some cntical energy, where this critical energy may 
or may not depend on the matenal 

b — ^The penetrating component does not consist of electrons 
Moreover, since Blackett (1937 a) has found that there is a rough equahty 
m the number of positive and negative particles up to the highest measurable 
energies, it follows that the second alternative already demands the existence 
of a hitherto unknown particle, smce even if we assume, as was supposed at 
first, that these penetrating particles are protons, for which the radiation loss 
IB small due to their larger mass, resultmg m a corresponding increase of 
penetrating power, the presence in the penetratmg group of negatively 
charged particles forces one to admit the existence of negative protons. The 
assumption that these particles are protons has, however, met with the 
diflficulty noticed by several investigators that far fewer protons, identifiable 
at the end of their range by a heavy track m a Wilson Chamber, are observed 
tbn-T) there should be, a diflRculty which can only be removed by oertam 
plausible but ad hoe assumptions about processes (such as nuclear collisions 
[ 257 ] 
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and explosions) which would remove protons from the beam before they 
became slow enough to show a noticeably greater lomzation 

Street and Stevenson (1937) have, however, shown that among those 
particles which have already traversed 10 cm of lead, there are some with 
curvatures which would correspond to energies of less than 7 6 x 10* 
e-volts if they were electrons, whose behaviour is not that to be expected 
theoretically for electrons, and which are certamly not protons The 
latest expenments of Blackett and Wilson (1937) also show that at 
energies as low as 4 x 10* e-volts in lead, cosmic-ray particles have an 
energy loss much less than the theoretical loss for electrons, and they further 
claim that it is possible to exclude the hypothesis of protons amce they 
would show a noticeably greater ionization along their tracks at these 
energies For the further discussion, therefore, we will only consider the 
conclusion (6) stated above m the form 
b — ^There are m the penetrating component of cosmic radiation new 
particles of eleotromc charge of both signs, and mass or masses mtermediate 
between those of the electron and proton For brevity, m the further dis- 
cussions we shall describe such particles simply as heavy electrons 
The two alternatives (a) and (6) are not mutually exclusive 
As has been shown by Rossi (19346) and especially stressed by Auger 
.and Lepnnce-Rmguet (1934), the radiation at and above sea-level defimtely 
consists of two groups distinguishable by their penetrating power If we 
measure the absorption m lead of the vertically mcident particles at sea- 
level, we find that the first 10 cm of lead absorb 26-30% of the total 
number of particles At about this point a distinct change in the slope 
of the absorption curve occurs, and a metre of lead only serves to decrease 
further the number of particles by about 30 % We shall call the group 
of particles absorbed in about 10 cm of lead the soft group, and the other 
the hard or penetrating group It should be emphasized that in this paper 
the words soft and hard are used to denote only the penetrating power of the 
particles and have nothing whatsoever to do wnth their energy 
As we shall see in the next section the soft component is not in equihbnum 
with the hard component above sea-level Further, the hard component 
obeys the mass absorption law, whereas the soft component shows an 
absorption per atom which vanes as the square of the atomic number as 
would be the case for electrons obeying the theory 

In recent papers it has been shovm mdependently by Carlson and 
Oppenheimer (1937) and Bhabha and Heitler (1937) that a consistent 
apphcation of the formulae of Bethe and Heitler (1934) to the successive 
emission of radiation by electrons and the creation of electron pairs by 
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y-rays cannot only explain the showers and bursts observed m oosmic-ray 
phenomena, but is capable of desonbmg the typical features of these 
phenomena, namely, the transition curves mvestigated by Rossi ( 19336 ) and 
the absorption curve m the atmosphere It is therefore certam that the soft 
group consists of electrons and positrons and their accompanying y-radia- 
tion, and its behaviour is described correctly by the theory 

In view of this fact it is of mterest to discuss the experimental material, 
particularly with regard to the hard component, and to see whether it sup- 
ports the first or the second of the alternatives mentioned above We carry 
through this discussion in § 1, where it will appear that although assumption 
(o) may also be true /or extremely high energies, it is insufficient to explain all 
the facts, and that there are sufficient grounds to justify us in considering 
the presence of new particles of electronic charge and mass between those of 
the electron and proton at least as a possibility Under these circumstances 
we think it not unprofitable to consider the behaviour of such particles 
theoretically, in order that a comparison may then be made with experiment 
Of course only that part of the behaviour of such a particle can be calculated 
which depends essentially only on its charge and mass, namely, the magni- 
tudes of the various collision processes and the lomzation and radiation losses , 
as also the creation of pairs of such particles by y-rays This has been done 
in § 2, assuming that the particle obeys the Dirac equation We shall see that 
the radiation loss is not just mversely proportional to the square of the mass 
of the particle, smce for particles of different masses the effect of screemng is 
different Moreover, since we do not know what mass to attribute to such 
a particle if it exists, we have carried through the calculations for particles 
ofrest energy equal to 6 X 10* e-volts and 6 x 10^ e-volts , 1 e lUand lOOtimes 
the electron mass resjiectively, so that together with the alreaxiy known 
results for the electron and proton, we obtain curves from which the energy 
loss can be read off for particles of any given rest mass and energy It will 
appear m the course of this paper that if the existence of new particles is to 
be eissumed as a solution of the various difficulties which still remain in the 
oosmic-ray phenomena, it seems probable that particles of vanous different 
rest masses will have to be assumed with perhaps the possibility of particles 
making transitions from one rest mass to another 
In § 4 we discuss the production of showers by heavy particles, that is, 
particles with any mass greater than that of the electron, either by the 
emission of a sufficiently large quantum of radiation, or by the production of 
a sufficiently fast secondary electron by colhsion In §3 we calculate the 
average number of positive and negative electrons accompanying the pene- 
trating heavy particles as a result of these processes, thus forming a soft 
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oomptonent m equilibrium mth the penetrating particles In § 6 we have 
bnefly considered the effect of the creation of pairs of heavy pturticles in 
decreasing the rate at which cascade processes die out This may find a 
possible appUcation in the penetration of particles to sea-level 


1 — Discussion of thb experimental material 


A — Latitvde effect 

We have already stated m the introduction that the soft group (defined as 
those particles absorbed m about the first 1 0 cm of lead) is not in equilibrium 
with the hard group This statement is estabhshod by the experiments of 
Auger, Ehrenfest and Leprmce-Rmguet (1936), who have measured the 
absorption curve in lead at sea-level and at Jungfraujocb Table I gives their 
results 

Table I 



Jung 

fraujoch 

Sea level 

Absorption 
coefficient m 
air m cm ‘/g 

Hard group 

190 

120 

0 70 X 10-» 

boft group 

170 

25-30 

6x 10-> 


Absorption 
coefiBcient m 
lead m cm */g 
0 70x 10-» 
32±2x 10-> 


The first two columns give in arbitrary umts the number of particles of 
each group found at the two heights, the third column then gives the 
absorption coefficient deduced from these figures assuming an exponential 
absorption The last column gives the ajiisorption coefficients deduced from 
the absorption curve m load These results agam confirm those of Rossi, 
Alocco (1935), and of Clay (1936), and show that the hard component obeys 
a mass absorption law The soft group, on the other hand, is seen to show an 
absorption per atom which is roughly proportional to the square of the atomic 
number 

The above figures show that the soft group increases with height much 
more rapidly than the hard group Ionization measurement by Compton 
and Stevenson (1934) and Bowen, Millikan and Neher (1934) at great 
heights with an ionization chamber shielded by 6 and 12 cm of lead confirm 
this, and show that at these heights the hard component contributes less 
than 30 % to the total ionization The shower intensity as measured by 
Woodward (1936) and Braddick and Gilbert (1936) increases with height 
much more rapidly than the total radiation and runs more parallel with the 
intensity of the soft group Heitler (1937) has shown that the variation of 
showers with altitude and latitude can be understood if they are due pre- 
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dominantly to the soft component Further, Montgomery and Montgomery 
(1935) find that the intensity of bursts mcreases with height even more 
rapidly than the shower mtensity, and recently Young (1937) has shown 
for small bursts oontauung ten particles and more that the morease with 
height of bursts of a given size is greater, the larger the size of the bursts 
Thus we regard this as evidence that bursts, which have been shown 
by Ehrenberg (1936) to be very large showers, are also predommantly 
due to the soft component But such a view is incompatible with the 
assumption (a) For on this assumption, the soft component consisting 
of particles which are absorbed m about 10 cm of lead must be electrons of 
energy below the cntical energy in lead, which is less than 4 x 10* e-volts 
Such electrons would be incapable of producing bursts, merely because they 
have less energy than the bursts themselves There is no difficulty of this 
sort on assumption (6), since if the soft component consists of electrons 
obeying the theory, they would be absorbed m about 10 or 16 cm of lead 
even for energies of the order of 10^^ e-volts 
We finally come to consider the latitude effect at sea-level Bhabha and 
Heitler (1937) have shown that the shape of the absorption curve m the 
atmosphere is a proof that electrons of energy near 3x10* e- volts (the lowest 
energy which can reach a magnetic latitude 50'^ due to the magnetic field of the 
earth) multiply swcordmg to the cascade theory Heitler (1937) has further 
demonstrated by a more detailed analysis of the same curve that if a break- 
down of the theoretical energy loss formulae takes place, the breakdown 
energy must be at least as high as 6 x 10* e-volts The latest measurements 
of Bowen, Millikan and Neher (1937) show that particles of energy at least 
as high as 10^® e-volts produce a rapid multiplication in the uiiper layers of 
the atmosphere which is at least m quahtative agreement with the cascade 
theory, thus provmg that the radiation loss of electrons demanded by 
quantum mechamcs is correct in air for energies up to 10^° e-volts 

Let us consider these facts on assumption (o) Now the theory shows 
(Bhabha and Heitler 1937, p 454) that the chance of an electron of energy 
less than 10“ e-volts makmg its effect felt at sea-level is negligible Further, 
particles of energy greater than 10“ e-volts will not show a latitude effect at 
latitudes greater than about 36° Thus there should be no variation of 
mtensity at sea-level at latitudes greater than 35° 

Bhabha and Heitler have already shown that if the theory of energy loss 
for electrons be nght for all energies, then no latitude effect at sea-level could 
be due to the electrons Our present considerations show that even if the 
theory of energy loss break down above some cntical energy, no latitude 
effect beyond 35° could be due to electrons, provided the breakdown energy 
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la greater than 10“ e-volta Since at sea-level the latitude eflfeot starts at 
about 60°, and is quite considerable at 36°, we regard this as a very strong 
argument against the hypothesis (a) and m favour of the existence of new 
particles 

Indeed, m our opimon, the very discrepancy between the theoretical 
absorption curve in the atmosphere and the experimental difference curve 
of Bowen, Millikan and Neher for primaries of an average energy of 
10“ e-volts IS evidence of the existence of new particles For the first part 
of the expenmental curve shows that an enormous multiphcation takes 
place in the atmosphere, thus establishing the existence of large radiative 
losses, from which it follows merely from arguments of self-consistency 
that the rest of the curve should agree with the theoretical curve at least 
as regards the order of magnitude, whereas in fact some thirty times as 
many particles are found at sea-level as there should be We believe that 
a large fraction of these sea-level particles are heavy electrons, either of 
primary ongin, or secondanes created in the atmosphere, together with 
the electron component in equihbnum with them which they produce 

B — Bursts and transitions curves 

It has been shown by Bhabha and Heitler, and Carlson and Oppenheimer 
in the papers quoted above that not only does the theory show that electrons 
and y-rays will create showers m their passage through various substances, 
but that it also gives the shape of the curve connecting the number of showers 
contaimng a given number of particles as a function of the thickness of the 
matenal in which they are produced These curves are like the curves found 
by Bossi (1933) for the number of coincidences between a number of 
counters placed below a plate of some heavy substance, usually lead, 
plotted as a function of the thickness of the plate Further, Bhabha and 
Heitler have shown that the maximum of the Rossi curve for large showers 
should he at greater thicknesses than the maximum of the Rossi curve for 
smaller showers, a prediction which has been confirmed recently by Auger, 
Ehrenfest, Freon and Gnvet (1937) for small showers containing a few 
particles Moreover, Boggild (1936) has also observed that for bursts of 
different size there are indications of the same shift of the maximum 

The questions we have to answer then are ( 1 ) Do electrons of sufficiently 
high energy produce bursts by cascade multiphcation only, as the quantum 
theory predicts? (2) Do electrons and other particles produce showers m 
one dementary process ? The two alternatives are not mutually exclusive 

Before we discuss the bursts, we will analyse the Rossi curve for showers m 
some detail The Rossi curve for showers at and above sea-level as measured 
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by Aager and Meyer (1933) has the shape shown by curve 1, fig 1 It is 
important to notice that after the maximum the curve falls away rapidly till 
about 10 cm of lead, after which the decrease would be much more gradual, 
being then comparable to the decrease of the penetrating component (of 4) 
The same curve, measured by these authors at a depth below the ground 
eqmvalent to 30 m of water, where only the hard component is foimd, has the 
shape shown by curve 2, and below 76m by curve 3 The decrease of both 
these curves after the maximum has an absorption coefficient ten tunes less 



Fig 1 — Rossi curves for showers Curves 1, 2, 3, Auger and Meyer, curves 4, 5, 6, 
Sohwegler The ordinates of curves 1, 2, and 3 have been reduced so that the 
maximum heights of 1 and 4 shall be the same 

than that of ( 1 ) and is parallel to the decrease of the vertical intensity More- 
over, the observation of Clay, Gemert, and Wiersma (1936) that after thick- 
nesses of 200 g /cm * the decrease of the number of showers is parallel to 
the decrease of the primary mtensity also shows that at least some showers 
are to be associated with the penetrating component It is therefore 
reasonable to suppose that the sea-level curve 1 is made up of the super- 
position of two effects, those due to the soft and hard components respec- 
tively This supposition has been confirmed directly by Sohwegler (1935) 
By placing a 10 cm lead block between the three counters used for recordmg 
the tnple comoidenoes and thus ehminating the effect of the soft component 
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he gets curve 5, being the number of coinoidenoea plotted as function of the 
lead above the counters Without the 10 cm block be gets the usual curve 4 
The difference between the two is shown by the curve 6, and gives then the 
showers produced by the soft component alone This is just what we should 
expect theoretically, for 10 or 16 cm of lead should suffice to absorb more or 
less completely all electrons or y-rays of energy below 10'^ e-volte 
The Rossi curve for bursts measured by Beggild (1936) in iron and 
Carmichael (1936) in lead have the same shape as curve 1, except that the 
maximum hes at greater thicknesses We wish to emphasize particularly the 
fact that after the maximum the decrease is mtich more rapid than that of the 
total intensity Moreover, Boggild has found that there are deffinte mdica- 
tions that the maximum shifts to greater thicknesses for larger bursts We 
now wish to consider these facta in the hght of the assumptions (o) and {b) 
We will first discuss them on the assumption that for energies above a 
certain critical energy the theory of energy loss fails, and that above these 
energies the radiation loss is much less than the theoretical, and goes more or 
less gradually to zero with mcreasmg energy Accordmg to Blackett and 
Wilson’s experiments this critical energy must be below 4x lO^e-volts in 
lead The energy of the particle starting the burst must be at least as great 
as the total energy of the burst, which m the case of a burst of 1 00 particles of 
6 X 10*e-volt8 each amounts to 6 x 10* e-volts and is higher than the critical 
breakdown energy Since, according to the cascade theory, bursts of a 
hundred particles or more requue an energy m lead which is at least 1 6 x 10* 
e- volts, it means that the cascade theory of bursts will fail A burst would 
then have to be started by some elementary process in which a number of 
very energetic particles or quanta are created at once Of course, those elec- 
trons or quanta so formed, whose energy was less than the cntical energy, or 
became less than it on penetratmg the lead plate, would then have the theo- 
retically correct energy loss, and multiply according to the cascade theory 
But the Rossi curve for such bursts will show a shape characteristically 
different from curve 1 As the thickness of the lead plate above the ionization 
chamber is mcreased from zero, bursts started anywhere m the plate will be 
registered, and so the number of bursts will increase The effect of addmg 
more lead at the top is merely to add those bursts which are started in this 
new layer of lead, although it may be that these bursts do not add to the 
number of registered bursts because the particles are absorbed by the mter- 
vemng lead A decrease of the number of recorded bursts can only take place 
if less bursts are started in the lower layers of material, which can only happen if 
the mtensity of the electrons startmg these bursts has been decreased by the 
superposed lead Since these electrons have energies above the cntical 
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breakdown energy they belong to the penetrating group, and their decrease 
will be proportional to the decrease of the peneirattng component Thus, 
after the maximum, the curve for bursts should decrease at roughly the same rate 
as the penetrating component, which is contrary to observation It should be 
noticed that his conclusion is mdependent of the exact mechanism of the 
bursts and holds whether or not there are highly absorbable mtermediate 
links In fact, with this mechamsm the transition curve would look hke 
curves 2, 3 and 6 for the showers which we have seen to be associated directly 
or mdirectly with the penetrating component We conclude then that the 
observed shape of the transition curve for bursts makes it highly improbable 
that the theory of energy loss fails for electrons inleadat energies oftx 10® e-volts, 
and it allows us to answer the first question stated at the beginnmg of this 
section m the affirmative, i e that electrons of sufficiently high energy do pro- 
duce bursts entirely by cascade mvltiplication We are still not in a position to 
answer the second question , for those showers and bursts which are associated 
with the hard component may be produced by a penetrating particle emitting 
a sufficiently hard light quantum, or producing a very high energy electron 
by colUsion, either of which would then produce showers according to the 
cascade theory 

It would be possible to decide whether or not particles can produce showers 
in one elementary process by mvestigating the showers produced m sheets 
of matenal so thin that it would be impossible for sufficient multipUcation of 
the number of particles to take place on the cascade theory m such sheets 
According to Bhabha and Heitler, in a thickness corresponding to 2 m the 
umts characteristic of the matenal (Bhabha and Heitler 1937, eq (16)) the 
mean number of particles with energy greater than 10’ e-volts produced by 
an electron of 2 x 10’* e-volts is 30, and since roughly an equal number of 
particles have an energy below 10’ e-volts, this shower will contain on the 
average about 00 particles Electrons of less energy produce still smaller 
showers Messerschmidt (1936) has observed behind 9 cm of aluimmum or 
20 cm of coal in a chamber whose walls were of 0 7 cm iron, bursts of more 
than 200 particles with a qmte comparable frequency Since these thick- 
nesses of absorber correspond to thicknesses less than 2, one would have to 
suppose that these bursts represent fluctuations m the number of particles 
m a shower from the mean number The chance that a shower of more than 
200 particles should appear as a fluctuation when the expected average 
number is 60, is (Bhabha and Heilter 1937, eq (31)) of the order 10“*® It 
would thus appear as if these experiments proved without doubt that high- 

* I wish to ^press my thanks to Professor Heisenberg for drawing my attention to 
these results m the course of an exchange of letters 
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energy particles can m fact also create a shower of particles in one elementary 
process The force of these results is, however, weakened by the fact that 
there was a low wall at a distance of 1 5 m from the ionization chamber, and 
thesurrounding walls were only 4 m removed from it A number of particles 
of a shower occumng m the walls might then qmte easily hit the apparatus, 
thus upsettmg our calculations We also do not know to what extent the 
particles of a shower produced, say, in the top of the chamber produce sub- 
sidiary showers in the walls by cascade multiphcations A similar difficulty 
18 met m interpreting the results of Carmichael (1936) who, in a chamber 
made of iron Jm thick, and with no heavy material above the chamber, 
found bursts correspondmg to more than 200 particles One cannot be sure 
that the burst was not started in some iron girder in the roof * We neverthe- 
less hold it for not improbable that cases do occur in which a number of 
particles are created in one elementary process Indeed, that such processes 
are to be expected on Fermi’s /?-ray theory has been shown by Heisenberg, 
although the theory has to be modified before it will give results of the nght 
order of magmtude 

C — Wilson chamber experiments 

Blackett and Wilson (1937) have recently measured the energy loss of 
cosmic ray particles passing through lead and alumuuum plates put across 
their Wilson chamber Their results may be summarized as follows For 
energies up to 2 x 10« e-volts the energy loss of cosmic-ray particles m lead 
IS in agreement with that to be expected theoretically for electrons, con- 
firming the earher results of Anderson and Neddermeyer (1936) For energies 
greater than 2x10* e-volts the ratio of the expenmental to the theoretical 
energy loss m lead decreases rapidly, reachmg a value of about a quarter at 
energies of about 4 x 10 ® e-\ olts After this the decrease is more slow, the 
ratio bemg less than about a twentieth for energies near 4 x 10 * e-volts 

In alumuuum the relative energy loss seems to be about one-fifth of that in 
lead for the energy range from 6 x 10* e-volts to 2 x 10® e-volts, although the 
accuracy of the alumimum measurements is admittedly not as high as that 
in lead 

It 18 clear from these expenments that there is already a marked dis- 
crepancy with the theory for curvatures which correspond to an energy of 
4 X 10 ® e-volts if the particles be electrons Smce for such curvatures the 
lomzation of a proton would be about two and a half times that on an electron, 
and it 18 claimed by Blackett and Wilson that it is possible to notice differences 
in the ionization of this amount, the possibihty of these particles bemg 

• Mr Carmichael m a com ersation bunaelf drew my attention to this possibihty 
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protons may be excluded Thus these experiments compel one directly to 
accept either hypothesis (a) or (b) 

If the explanation of these expenments is to be found in a breakdown 
above some critical energy of the theory for radiative energy loss, then it is 
quite clear that this cntical energy must depend on the atomic number of the 
material, for the cntical energy in lead must be put between 2 and 4 x 10* 
e-volts, whereas we have seen that in air it cannot be below 10“ e-volts 
Indeed, the rough energy loss measurements m alumimum seem to support 
this view 

To explain the observed energy loss in lead on hypothesis (6) it would be 
necessary to assume that at sea-level the radiation consisted of a mixture of 
electrons and heavy electrons, possibly havmg several different rest masses 
Particles below 4x10* e-volts would be mostly electrons, those above this 
energy mostly heavy electrons If the energy losses of all these particles be 
due entirely to the lomzation and the ordinary Bremsstrahlung, then we 
would have to conclude that the majority of particles of energy round about 
4 X 10* e-volts should have a rest mass of about five times the electron mass 
or more, since the observed radiation loss is less than about one-twentieth of 
that for electrons This sets a lower limit to the mass of heavy electrons with 
energies in the neighbourhood of 4 x 10* e-volts We cannot give an upper 
limit from such considerations, since the observed loss may be due to an 
average of the energy loss of heavy particles and a small number of electrons 
The fact that in the atmosphere the particles seem to show the theoretical 
loss for electrons up to energies as high as 10“ e- volts presents no difficulty, 
for in the upper atmosphere the soft electron component would predominate 
and control the shape of the absorption curve, whereas, by the time the 
radiation has reached sea-level, most of these electrons would have already 
been absorbed 

But an explanation along these lines meets with the difficulty that in 
lighter elements, for example, alumimum, the observed energy loss would 
also be less than about a twentieth of the theoretical at about the same 
energies, whereas in fact it seems to be comparable with the theoretical 
energy loss Thus, if the findings of Blackett and Wilson are correct, namely, 
that the actual energy loss deviates from the theoretical m lead for energies 
above 4 x 10* e-volts whereas in alumimum no considerable deviation occurs 
for energies up to some much higher value, say 2 x 10* e- volts, then we are 
forced to the followmg conclusion If the explanation of these expenments 
IS to be sought by assuming the existence of new particles, then we must con- 
clude that for high energies part of the loss is not due to the ordinary Brems- 
strahlung (which vanes as Z*), but to some other process which allows the 
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poastbihly of large loeeee besides the tonization loss, such losses varying in 
different substances not as but raiher as Z One possibility for such losses 
18 discussed in the preceding section 

Recently Neddermeyer and Anderson (1937) have reported energy -loss 
measurements m a platinum plate put across the chamber m which they 
divide the tracks entenng the chamber into two groups, shower particles and 
single tracks The tracks of the first group show the energy loss to be 
expected theoretically for electrons, while the particles of the second group 
show a much lower energy loss m the same range Since the lowest energy 
tracks of the second group have a curvature corresponding to an energy of 
about 14 x 10 * e-volts if they were electrons, one may, as before, exclude 
the possibihty of these particles being protons, since protons of this curvature 
would exhibit a much larger ionization Under these circumstances Nedder- 
meyer and Anderson conclude that their experiments indicate the existence 
of a new particle of eleotromc charge and a mass intermediate between those 
of the electron and proton * 

Lastly, Anderson and Neddermeyer have found that in certain photo- 
graphs of showers, particles are seen which show an lomzation defimtely 
heavier than that of an electron On the other hand, the range of these 
particles is much longer than it would be for protons having the observed 
curvature If, therefore, no error has occurred in the estimate of the curva- 
ture or range, these photographs would supply additional evidence of a new 
particle of the type we are considenng, as the authors themselves pomt out 
The mass of these particles would be of the order of a few hundred times the 
electron mass 

To sum up then, we may say that while the energy -loss measurements 
of Blackett and Wilson would find a more simple explanation on the 
hypothesis (a) that the theory of radiation loss fails for electrons, this 
hypothesis would seem to be in contradiction with other d^mtely established 

* It must be remarked however that these results are not quite in harmony with 
those of Blackett and Wilson Smce the first group shows a normal energy loss, and 
the second group a lower energy loss, it follows that the energy loss averaged over 
particles of both groups is lees than that to be expected theoretically, whereas 
Blackett and Wilson find that the energy loss up to 2 x lO* e volts is m reasonable 
agreement with the theory On the other hand, apart from the actual value of the 
energy losses for the two groups, the fact that the two groups show a markedly different 
eneigy loss seems to be clear, m accordance with the observation often made by 
various mvestigators that the particles m showers seem to show a higher energy loss 
and cue more absorbable than those not m showers In passmg we may remark that 
the suggestion that has been mode, that the shower particles have a mass smaller 
than that of the electron, may be rejected on the ground that a gamma ray would 
have a greater chance of produemg a pair of such particles than an electron pair, and 
the threshold frequency for pair creation would also be lower than 10* e volts 
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phenomena connected with the latitude effect and the transition curves for 
bursts In these circumstances we seem to be compelled to accept the hypo- 
thesis (6) of the existence of new particles 


2 — Enbroy loss 
Free collision and ionization 

We now proceed to investigate as far as possible the behaviour of a 
particle, of charge e equal to the electromc charge, and of some arbitrary 
mass M between those of the electron and proton We shall assume that the 
particle obeys the Dirac equation, and that its interaction with other 
charged particles is that given by quantum electrod3Tnamics for the inter- 
action of pomt charges The correctness of our results will then be limited 
by two possibihties First, the particle may have a direct interaction with 
other particles hke itself or even with electrons other than that operating 
through the electromagnetic field, as is indeed the case for protons We, 
however, regard it as unlikely that such interactions, if they exist, would 
aflfect the ionization loss appreciably, since the imfiortant contribution to 
the loss comes from processes which take place at large distances, and direct 
interactions between particles are usually short-range forces Secondly, the 
mteraction of the particle with the radiation field may differ from that due to 
a pomt charge owing to the particle possessing something corresponding in 
the classical jncture to its charge being spread over a region of finite exten- 
sion This will again not affect the ionization loss appreciably, but, as we shall 
see when we come to consider radiation loss, it may impose restnctions on 
the vahdity of the radiation formulae which are more stringent than those 
for electrons since the “Cbmpton wave-length” hjMr of such a particle is 
less than the Compton wave-length hjmc ot electrons 

We shall first consider the cross-sections for the colbsion of a “heavy 
electron” with an ordmary electron at rest m the material The general 
expression for this cross-section taking retardation into account has been 
given by Meller {1932), and it can be evaluated exactly as has been done m a 
previous paper (Bhabha 1936) We give only the result here The differential 
effective cross-section Qdq for the production by a “heavy electron” of 
total energy of a secondary electron of kinetic energy W Isnng in the 
interval corresponding to dq, where 

q = WI(E,-Mc*) 

and y s E^jMc^ 
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Q{E^, W)dW^Q{q)dq 






(2 1 ) 


Here m is the mass of the electron, = e^lmc^, and 


_ 2milf(y+l) 


(2 2 ) 


q may take on all values consistent with the conservation of energy and 
momentum, namely, from 0 to q^ Then W„ = “ -^c*) maximum 

energy which can be transferred to an imtially stationary electron m a free 
colhsion, and it plays a certain role in our later calculations It is clear that 
tends to umty for sufficiently large y however great M may be 
We must emphasize that just the cross-sections for hard collisions given 
by expression (2 1 ) might be considerably altered by the existence of close- 
range forces In the absence of any knowledge about such forces and a 
relativistic formulation of them, we cannot estimate the magmtude of this 
correction We would mention m passing that the spm of the particle also 
plays an important role for just these hard collisions, and smce the spm of 
the proton, for example, is not descnbed completely by the Dirac equation, 
it 18 of mterest to estimate the order of this correction If we had described 
the heavy particles by the Klein-Gordon equation instead of the Dirao equa- 
tion, thus ascribing no spm to them, the last term in square brackets in (2 1) 
would have been replaced by , 

1 TW 


The difference due to the spm therefore bears a ratio to the total cross- 
section of the order (y* — 1 ) ni^lM\ which for protons is small compared with 
unity except for energies of the order of 10“ e-volts 
The total lomzation loss per centimetre is given by the formula of Bloch 




where a- is the number of atoms per cubic centimetre of the substance, Z the 
atomic number, c/? the velocity of the heavy electron given by /? = 1 — 1 /y>) 

and I Z the mean ionization potential of the atom , where we put, with Bloch, 
/ = 13 6 e-volts has been defined above Our results are given m 
Tables II and III 


Radxatton loss and erecUion of pairs 

We mentioned in the precedmg section that the quantum-mechamcal 
formulae for the radiation loss of heavy electrons are not on as sound a footing 



Penetrating Component of Cosmic Radiation 271 

as for ordinary electrons Toseethisweoonsiderthedenvationof theformulae 
by the method of Weizsttcker and Wilhams We consider the whole process 
m a Lorentz system m which the radiating particle is at rest In this system 
the nucleus moves along a straight hne with extremely high velocity, and its 
field may then be considered as a superposition of quanta of different 
frequencies The radiation process corresponds m this system to the 
soattenng of one of these quanta by the stationary particle Weusflcker has 
shown that the important contribution to the radiation comes from the 
soattenng of all quanta whose energy is equal to or less than the rest energy 
of the particle In other words, the vahdity of the radiation formulae depends 
on the vahdity of the Klem-Nishina formula for wave-lengths as small as the 
“ Compton wave-length ” of the particle Now m the case of electrons, the 
Compton wave-length hjmc is large compared to the classical radius of the 
electron e*/mc*, so that the vahdity of the Klein-Nishma formula is not in 
question The classi cal radius e*/ifc* of a heavy electron would also be small 
compared to its Compton wave-length hjMc, so that in this case, too, no 
difficulty would arise We, however, think that it may be a property of 
charge m general that it may not bo possible to localize it m a region smaller 
than e*/«ic*, whatever the mass of the particle with which it is associated 
In this case the Elem-Nishina formula may no longer be vahd for quanta of 
energy equal to the rest energy of “heavy electrons ” if 

A<.ii 

Me me*’ 

f me® 


Thus we must be prepared to find that for particles of mass greater than 
137 m the radiation formulae may not be valid 

It IS qmte easy to calculate the radiation loss for heavy electrons, takmg 
screemng into account to the same degree of accuracy as in the onginal 
calculations of Bethe and Heitler The calculations follow those of Bethe 
(1934) closely It can be shown exactly, as has been done there, that the 
differential effective cross-section for the emission of a quantum k in the 
energy interval dk by a heavy electron of energy is 
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where S — We shall assume throughout that 

E^, E, kp Mc», 

for it IS only then that screening is important, so that 


The form factor P which represents the effect of screenmg is given by 



m.. 


(2 6 ) 


and IS a function of q/iZ-ijch only The mtegration in (2 6) extends over the 
whole of space is the function tabulated by Fermi, and determines the 
density of electrons at a distance r from the nucleus in the umts of length 
defined by fi, where 


fi 


/ 3g y 
\8^2/ me* 


(2 7) 


Now ^ 16 only considerable when r is less than or of the order umty, so that 
F 41 when 

(2 8 ) 

^ /I he 

Screenmg is therefore only effective when S, the mimmura value of q, 
satisfies 

S ^ ^ Z^ me* 4 mc^ (2 8o) 


Hence if the inequahty (2 8 a) is not satisfied, i e if 


(2 86 ) 


we may neglect F in (2 5) altogether, and the mtegrations can then be earned 
out exactly We now consider the first q mtegral m (2 6) when (2 8 a) is 
satisfied We may write it 


(1 - F)* iq-S }*^+ - F)* 


(2 9) 


In virtue of (2 8) and (2 8 a) both F and i may be neglected in the second 
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integral in (2 9) and it becomes log Mjm The first mtegral has been 
evaluated numenoally by Bethe and may be written in the form 

mi)+^ogz-*. 


where f = 

(2 9) therefore reduces to 


200 100 3fc»A: M 

me* ~ Z* Ef,E m 


(2 10 ) 


The second q integral in (2 6) can be treated similarly We get finally 

-J£:.i!{^,(|) + 4log^Z-ij] (2 11) 

Here ^ is defined by (2 10), and the functions and have been given by 
BetheandHeitler(i934,fig I) Moreover, as Bethe (1934,09 (63))ha88hown, 
for the c8we of complete screeiung S = 0 

?ii(0)-5Ja(0) + f = 41ogl83, 

so that (11) reduces to 

(2 12 ) 

For low energies when the mequahty (2 86) is satisfied, 1 e when g > 1 , 

m) - #.({) - ‘('osx”^)’ 

so that (2 11) reduces to 

as mdeed a direct integration of (2 6) neglecting the factors F would have 
given 

The average energy loss by radiation per centimetre is given by 
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where <r is the number of atoms per o o and <l>{k) is given by (2 11) Intro- 
ducing the vanable e = kjE^, it may be written in the form 



I' or ^ 


Fig 2 — The above curves are accurate only aa long For electrons thw 

condition ceases to hold for i’ less than about 20, and the dotted line gives the more 
accurate curve for this case 


The integrals contanung and can only be evaluated numencally, and 
are functions of g' only Equation (2 14 o) may therefore be wntten in the 
form 



(2 16) 
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We have plotted ^ as a function of g' m fig 2, where defined by (2 1 6) is 
the energy measured m milhons of volts multiphed by the factor Z^{mjMY 
Since for the case of electrons, M the expression m curly brackets must 
reduee to <l>^ already calculated by Bethe and Heitler (1934, eq (48)), the 
values of x deduced from those of For < 137 (negligible 

screemng) 

X(0^4log4^-i 

and for > 137 (complete soreenmg) 

X(n^4logl83 + f, 

so that in the first case 


2Eo 4) 

"‘^137Wc*) 3)’ 


and in the second case 


* / e* \* 1 M 21 

7(^,1) 4>ogl83--^-l4-j (2 166; 


We therefore see that the larger the mass of the particle, the later screemng 
becomes effective and the less its effect 
In Tables II and III we give the collision and radiation losses m lead and 
water of particles of masses 10 and 100 times the electron mass for vanous 
energies The total energy loss is shown m fig 3 


Table II — Eneeqy loss in lead 


Millions of electron volte per centimetre 

A’,-Afc> 10* 10’ 10* 10» 10i» lO'i 10J» 

Electron Coll 11 4 13 9 18 0 23 4 28 2 33 0 37 7 

Rad - 14 4 177 1900 19,400 1 94x 10* 1 94x10* 

Mc* = 6xl0*e volteColl 26 4 129 160 20 8 26 4 30 3 36 0 

f«10»ne* Rad — — 1 72 26 4 296 3080 31,100 

il/e* = 6x 10’ e volte CoU 132 26 8 13 2 169 22 2 27 1 31 8 

salOOmc* Rad — — — 0 17 2 9 38 1 413 


Proton Coll (637) 203 40 3 13 9 16 7 21 7 27 4 

M = 1840m Rad — — — — — 0 07 1 01 


Using (2 3) and (2 1 6) we find that the ratio of the radiation to the collision 
loss IS given by 

-{dEJdx)^^ ZE, (my 
~(dEJdx)^u’" 1300TOC*\Jf/ 


(2 17) 
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Table III— Enbeoy loss in watbb 

Millions of electron volts per centimetre 

E^-Mc* 10* 10» 10* lO* 10“ 10“ 10“ 

Electron Coll 1 93 2 15 2 72 3 29 3 94 4 63 6 10 

Rad — 0 16 2 07 22 5 233 2 33x10* 2 33x10* 

Jlfc' = 6xl0*e volte Coll 4 76 2 10 2 44 3 02 3 61 4 19 4 77 

flalOmc* Rad — — 002 028 3 26 346 360 

Jlfc« = 5 X lO’o volte Coll 28 1 4 82 2 14 2 64 3 20 3 80 4 89 

i^lOOmc* Rad — — — — 0 03 0 40 4 46 

Proton CoU (284) 47 1 7 48 2 32 2 40 3 13 3 84 

M = 1840m Radiation loss negligible 
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Fio 3 — ^Energy loss m lead 

By putting (2 17) equal to unity, we may define a cntioal energy at which the 
rates of radiation and collision losses are equal, namely 
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For energies greater than this the lose is predominantly due to radiation, for 
smaller energies to collision This energy is correctly given by (2 18) to 
withm 20 % More accurately, the numerical constant in (2 18) should be 
1600 for M = m., 1300 for M= 10m and 1100 for M = 100m 
The total rate of energy loss of the particle may be roughly wntten in the 
form 

where Cj, is a numerical constant, 

Cm - 23 for M = 10m, and => 30 for M - lOOm 


The mean range R is then roughly given by 


R 


137 



log|l + 


E^-Mc^ \ 
Em + Mc^}’ 


(2 196) 


which 18 accurate to within 30 % except for kinetic energies small compared 
to the rest mass of the particle (2 196) would give a better fit with the 
numencally calculated ranges if we chose shghtly different values for E^, 
putting the numenoal constant in (2 18) equal to 1100 for M = 10m and 
920 for M = 100m respectively 

The cross-sections for the creation of pairs by y-rays are obtained from 
the above formulae if we change the sign of the energy Eg of the mitial state, 
writing m its place - E+, E+ being the energy of the positron, and replacing 
the factor dk/Elk by dEjk^ We thus get for the cross-section for the 
creation by a quantum k=hvofe. pair, the electron of which has an energy m 
dE, the expression 


-hi^?£?+j?S,(C) + 4log^Z-»}] (2 20) 

The total cross-section for pair creation is given by 

The function /c(|*) is plotted in fig 2, where 
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When < 137 (negligible screening) 

^(n-^¥iog4r-w. 

and for complete screening > 137 


K(r)->¥logl83-/„ 


so that (2 21) becomes 

m the two coses respectively 


?logl83^Z-.-ll, 


(2 23) 


3 — THh SECONDARIES ACCOMPANYING HEAVY PARTICLES 

A heavy particle in its passage through matter will directly or indirectly 
produce secondary electrons which on account of their lower energy and 
lighter mass will behave hke a soft component accompanying the penetratmg 
heavy particle It is therefore of mterest to calculate the number of electrons 
or positrons of energy greater than some value E in equihbnum with a homo- 
geneous beam of heavy penticles of mass M and energy 

The number of secondaries produced by direct hard encounters is given 
by (2 I) But this is not the quantity, which is of direct mterest in cosmic- 
ray experiments These direct secondanes will produce further positive and 
negative electrons by cascade multiplication in the subsequent layers of 
matenal In addition to this, the heavy particle may emit a quantum of 
radiation which will also produce electrons by cascade multiphoation The 
average number of electrons which emerge from the bottom of some layer 
of substance through which the heavy particle has passed is therefore 
different from that given by a simple apphcation of (2 1) We now proceed 
to estimate this number 

We will first calculate the average number of positrons and electrons 
which accompany the passage of a heavy particle of energy Eq, and which are 
due only to the direct production of fast secondanes by collision as given by 
(2 1) and the ensuing cascade processes We will suppose that the layer already 
traversed by the heavy particle is so thick that a cascade process started at 
the begmnmg of the layer does not reach the point we are considermg Such 
a layer may be descnbed as “infirately thick ” A layer satisfying this con- 
dition has a thickness of about 30 m the umts Aq charaotenstio of the 
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matenal in the cascade theory 
eq (16)) 

A, 


Ao IB given by (Bhabha and Heitler 1937 


137 

aZ®rJ<r’ 


(3 1) 


with o equal to 20 for lead and 23 for air or water, bo that an infinitely thick 
layer is about 10m of water or 12 cm of lead Under these circumstances it 
can be shown (Arley and Bhabha 1937) that the number of electrons 
( + and — ) with energy greater than A’ is given by 


2;r 1 37 me' 
aZ E 




where r = and a « 0 224 and ^ = I 029 are numerical constants 

W„ 18 defined in (2 2) This is valid for E > E^, where Eg is the “ critical 
energy ” for the substance, being the energy at which the lomzation loss of 
an electron is equal to the radiation loss This limit is (Bhablia and Heitler 

1937. §1) 

10’ e-volts m lead, 1 6 x 10® e-volts in air or water (3 3) 


(3 2) 18 accurate to the same degree as the calculations of the cascade theory, 
1 e to within about 30%, except when Eg 

To estimate roughly the number of electrons below Eg we use the result of 
the cascade theory discussed m § 4, namely, that in a shower the number of 
particles with energy below Eg is very roughly equal to the number above 
Eg We may thus deduce the following expression for the number of 
positrons and electrons with energy below Eg accompanying the heavy 
particle. 




271 137 me® n 1 2a/? 

aZ A, Lr 


(r/»-i-l)j 


7*-l 


_ilogr-^(r/>-l) 


Ay-Jtni 

^27+1 r* 


^/?+l^ 


(3 4) 


We give the values of (3 2) and (3 4) m Table IV 

We see that for extremely high energies ( lO^^e-volts) the number of second- 
anes due to this process alone is practically independent of the mass of the 
particle, being about 33 % of the bard component m lead For lower energies 


Vol. CLXIV— A 
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it depends on the mass to a greater extent For particles with a kmetio energy 
of 10^® e- volts ptwsing through lead the secondary electron component would 
constitute about 20 % for particles of ten to a hundred times the electron 
mass, whereas it is about 7 % tor protons In water the secondary electron com- 
ponent vanes from about 7 % for particles with kinetic energy of 10^® e-volts 
to about 16 % lor particles ol 10^* e-volts According to Auger and his co- 
workers, the soft component in water which is in eqmhbnum with the pene- 
trating component is of the order of 6 % or less,* which allows one to deduce 
from Table IV, that the mean energy of the penetrating particles must be of 
the order of 10^® e-volts or leaa, as is in fact otherwise known It must be 
emphasized that in estimating the equihbrium mtensity, the number of 
particles appearing in showers must be included m calculating the average 
We see that the amount of the secondary electron component in equihbnum 
with the penetrating component as given by the theory is in quahtative 
agreement with experiment, although both the theoretical and experimental 
results are too inaccurate to allow of a quantitative comparison 

Table IV— -The mean number per cent of positrons and electrons 

WITH ENERGY" GREATER THAN AND ENERGY LESS THAN 

ACCOMPANYING THE HEAVY PARTICLE 


The addition of Becondanea from radiative loaaea would roughly 
double the ftigurea for M = lOw (figures m brackets) 





Lead 



Air or water 



10* 

1?^ 

10‘* 

10* 

low 

10» 

Mo’ = 6 X 10* e volts 

A,> 

1 8 

94 

16 

— 

30 

7 2 


N.< 

30 

11 0 

18 

— 

3 9 

8 1 


Total 

48 

(10) 

20 4 
(41) 

34 

(70) 

- 

69 

(14) 

16 3 
(31) 

Mo* = 6 10’ e volts 


__ 

90 

16 


2 9 

72 

i^JlOOmc* 


— 

10 0 

18 

— 

39 

8 1 


Total 

— 

19 0 

34 

— 

6 8 

16 3 

Proton 


_ 

25 

16 1 

_ 

_ 

66 

ilf= 1840m 

N.< 

— 

41 

16 7 

— 

— 

74 


Total 

— 

ee 

31 8 

— 

— 

13 9 


We must add to the figures of Table IV the number of electrons which 
result from cascade processes caused by quanta emitted by the heavy 
particle It will appear in §4, eq (4 1), that the ratio of the relative prob- 

* This equilibrium intensity must be taken from measurements under water, for 
as wo have pomted out m § 1, the two oompononta are not m equilibrium above sea 
level 
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abilities of the emission of a quantum and of the production of an electron 
by collision both with energy greater than is of the order unity for 
M =s 10m and is small compared to one for M > 10m A quantum, more- 
over, produces roughly the same number of particles by cascade multiphca- 
tion as an electron, so that m Table IV the figures for M = 100m and for 
protons will not be appreciably altered, whereas the figures for M — lOm will 
be somewhat more Omn doubled by the addition of this process A compan- 
son with the measurements of Auger and others therefore allows one to con- 
clude that if the hypothesis of new particles is right the majority of the 
penetrating partides must have masses nearer to a hundred times the electron 
mass rather than ten times the same 


4 — Number ano hize of showers 

We now proceed to investigate the production of showers by heavy 
particles There are three distinct ways in which a heavy particle may cause 
a shower (1) It may produce a very fast secondary electron by direct 
collision which in its turn may produce a shower by cascade multiplication 
if It has sufficient energy (2) It may emit a quantum of radiation of 
sufficient energy to produce a shower by cascade multiphcation * (3) It may 
produce a shower directly by a multiple process The second process may 
itself occur in two distinct ways The enutted quantum may be just the 
ordinary Bremsstrahlung, which is emitted durmg a change in the motion 
of the particle as a whole m a given external field The probability of this 
process has been calculated m § 2 But in addition to this we must be pre- 
pared to find that under certain circumstances a particle may change its rest 
mass, the difference m energy being hberated as a quantum of radiation 
Present quantum mechames of course does not enable one to calculate the 
probability of such a process We shall not concern oui selves here with pro- 
cesses of the type (3) Heisenberg has shown how they may result from a 
modification of Fermi’s fi-ray theory 

As has been shown by Bhabha and Heitler, cascade multiplication of the 
number of particles is only effective provided the particles or quanta have 
energies above the critical energy E^ for the matenal under consideration, 
although a certain amount of multiplication may also take place below this 

* Since this paper was sent to press, a note has appeared by Landau said 
Eumer ( 1937) in which they estimate the probability of showers due to process (2) 
Our calculations below show that for M > 10m the process ( 1 ) becomes much more 
important them the process (2), so that for M 100m. we get shower probabilities 
which are some hundred tunes larger than those of Landau and Rumer 

19 J 
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energy We will begin by estimating the relative probabihty of a shower 
being produced by processes (1) and (2), which amounts to estimating the 
ratio of the chance of a heavy particle emitting a quantum of energy greater 
than E to the chance of its producing by colhsion an electron of energy 
greater than the same amount The cross-sections for these two processes are 
given by formulae (211) and (2 1 ) respectively It can be shown by an easy 
calculation that this ratio is 


\%(k)dk 

JhlE. 




to a fair approximation provided y* > landg s ?m>i ® provided 

E 4, the maximum energy which tan be commumcatod to an electron is 
a free colhsion Here 


183Z-‘ 


X s 


yiE, 

[Mc^ 


t-g 

g 


when > 183Z-‘, 

Mc^ q 

when 1^5—® < 183Z-* 
Mc^ q 


(4 10) 


Even when E is not very small compared to W^, (4 1) stiU gives the correct 
order of magmtude Smce cascade multiphcation of the number of particles 
18 only important provided the electrons or quanta have energies above the 
critical energy E^ for the matenai under consideration, although a certam 
amount of multiplication may also take place below this energy, the above 
formula is of interest when E '^E^ Puttmg E = E^f^a 1600mc*/Z in (4 1) 
we find that the ratio (4 1) is less than umty if 

^> 273V(logg„ logZ), (4 2) 


where q^ = E^j{EQ — Mc^) The nght-hand side of (4 2) is practically inde- 
pendent ot the atomic number of the matenai and is roughly equal to 9 for 
Ef) ~ 10* e-volts and 14 for E^ ~ 10*' e-volts Therefore if the mass of the 
heavy particle M'plQm the effect of radiative processes is small compared 
with the effect of direct collisions in producing showers and eleotromc 
secondanes For iff < lOw the radiative process is important, and may even 
predominate over the other 

We will now consider the foUowmg question When a particle of mass iff 
emerges after its passage through a plate of some substance of atomic number 
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Z and thickness I m the units (31) with energy Eg, what is the probability of its 
being accompanied by N electrons and positrons ? Wo will first consider only 
the process! 1 ), namely, the production of a fast secondary electron by collision 
and the subsequent cascade process The chance of an electron of energy E 
in the mterval dE being provided in the thin layer dl', I' being measured 
from the lower surface of the material from which the particle emerges is just 

Xo(rZQ[E’o[l’), K')dE'dl', 

usmg (2 1) Asa result of this electron, F{V, y') electrons and positrons will 
emerge on the average by cascade multiphcation from the lower surface of the 
matenal {V ~ 0) with an energy greater than E, where y' = log E'jE The 
function F is given by 

F{V,y')^W{V,y') + 2f.(l',y') (4 3) 

Here W(V, y') is the incomplete y-function and /_((', y') is the function cal- 
culated by Bhabha and Heitler (1937, eqq (22) and (23) and Table I) 
The probabihty of N particles appearing instead of by a fluctuation is then 
(Bhabha and Heitler, eq (31)) 


The total probability of the heavy particle appeanng accompanied by 
N positrons and electrons of energy greater than E is therefore 

P(N) = A^azj'dl'jjiE' e-^‘ Q{E'„(V), E' ) (4 5) 


We may neglect the small variation in the energy of the heavy particle m 
thicknesses of the plate m which F is considerable and put E'(,{1') = Eq We 
may then wnte 



P{N) = A„(rZ f ” "dF/ Q{Eq, E') J^y'], 

J E 

(4 6) 

where 


(4 7) 


As before, we are mterested mainly in large thickness of matenal, so that we 
may put 1 = oo m (4 7), since for i > 30 no significant contribution comes to 
the integral It does not seem possible to proceed further analytically 
We have worked out nuraencally the values of J for several values of N 
and y and they are given in Table V 
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Table V — ^Values of J },{ y ) 

0 1 3 6 7 10 

0 (1 2) 3 03 2 40 2 60 3 06 

0 (0 43) 2 0 1 78 1 40 1 86 

0 0 0 48 1 18 0 66 0 70 

0 0 0 0 96 0 43 0 38 

0 0 0 0 0 23 011 

The accuracy of the figures is not high, since the function F is itself only 
known to within about 30 % It is easy to see the general form of the depend- 
ence of J on iV and y The function F{1, y) for a given y has the value of 1 for 
Z = 0, increases rapidly to a maximum for an I between 4 and 12, and then 
falls away somewhat more slowly to zero The actual value at the maximum 
depends on the value of y and inoreases rapidly with increasing y being 
determined by the equation 

F„ = 0 062c»-»*v (4 8) 

(Bhabha and Heitlcr, eq (28)) for y larger than about 3 Moreover, the 
expression (4 4) has a maximum when F - N and is small when F differs 
considerably from this value Thus, for a given N, if y he so small that 
F^'^ N the mtegrand of (4 7) will always remain small, and hence the value 
of J will be small As y increases the value of F^ increases rapidly, but the 
value of J will remain small until a y is reached such that ~ N For all 
values of y equal to and less than this, the integrand in (4 7) has but one 
maximum, namely, at the point at which F = F^ As y inoreases still 
further, however, F^ becomes larger than N, and the integrand shows two 
maxima For still larger y such that F„ ^ N the contribution to the integral 
(4 7) comes from two quite separate regions, one for small V when F is 
increasing and is m the neighbourhood of N, and the other for largo V when 
F IS decreasing and is also in the neighbourhood of N Thus as y increases 
beyond the point for which F^ > N the positions of the two maxima in the 
integrand of (4 7) change, but the value of the integral does not alter 
appreciably Due to the form (4 4) in which F occurs, the contnbution to the 
integral (4 7 ) of two regions of Z' in which F ~N is not the same when the two 
regions overlap as when they are separate The value of J is largest when the 
two regions overlap for then the integrand of (4 7) is considerable for the 
largest domain of V Hence it follows that the largest value of J occurs for 
some y such that F,^ ~ ON, where C is a numerical constant somewhat greater 
than umty Table V clearly displays this behaviour of J For a given N and 
y small, J is neghgible It rises rapidly to its maximum for values of y near 
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some value y^, say, depending on N, after which it decreases a little, but 
nevertheless remains of the same order of magmtude Further, for large N all 
values of J are smaller than for small N smce then the maximum of the 
expression (4 4) is itself smaller 

For a rough estimate, therefore, we may put J = 0 in (4 6) for y' < y^, 
1 e /or E' < E^, and equal to a constant value e4(yv) for V' ^ J/jv or E’ ^ 
where and Ef, are the values of y and E respectively at which the maximum 
of J occurs We may determine them approximately by the condition that 
the maximum number of particles which can bo created for this y as given 

by (4 8) shall be equal to GN, C being a numerical constant somewhat larger 
than unity This gives 


or 


\Ef 0 062’ 

E^ = 1 67(CAr)i<'«F 


(4 9) 


Using the expression (2 1) lor Q(Eq, E') and (3 1) for A,, we get 


P{N) ^ - 


aZ 


JsiVs) 


(1 -M)+ ulogM + 


2y + l 


qlu(\-u) 


where 


1 Ql{CNy^^^E 


(4 10) 


This expression is vahd only provided m < 1 The constant a is equal to 20 
for lead and 23 for air or water We should regard (4 10) merely as a rather 
careful determination of the order of magnitude of P(N) The expression 
(4 6) IS of course much more accurate 
We see at once from (4 10) that for a given E, P(N) vanes inversely as Z, 
1 e the chance of a shower containing N elei trons and positrons mth energy 
greater than E being produced by a heavy particle is inversely proportional 
to the atomic number The reason for this is obvious, for the production of 
fast secondary electrons by collision is just proportional to the number of 
electrons, i e to Z, whereas the distances withm which this production has 
to take place are determined by A^, the umt ot length m the cascade theory for 
the matenal concerned which is inversely proportional to Z^ The above 
result IS, however, not of direct experimental interest 

In the usual cosmic ray expenments we are mterested in the relative 
frequency of showers containing different numbers of particles irrespective 
of their energy The lowest value we can give to E in (4 10) is the critical 
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energy Substituting this in (4 10) we would get the probabihty of a 
shower containing N particles above the cntical energy of the substance 
To a rough approximation may be put equal to 1 &00mc*lZ, so that m this 
case the factor outside the square brackets in (4 10) ceases to depend 
explicitly on Z In other words, the frequency of small shmoers for which 
M < 1 ts iTidependent of the atomic number of the material to a first approxima- 
tion * The average energy of the particles in a shower is however higher in lighter 
elements since this is roughly proportional to E^ More accurately, = 10’ e- 
volts in lead and 1 6 x 10® e-volts m air or water, and the value of a is also 
somewhat larger in lighter elements, so that the frequency of showers m 
hghter elements is also somewhat less than m heavier ones Large showers 
will, however, be markedly less frequent m light elements due to the 
operation of the expression in square brackets in (4 10) 

The size of the largest shower which occurs with any probabihty is deter- 
mined by the fact that when « = 1 (34) vamshes This gives 

( ^r \o-»a 

Eg being roughly inversely proportional to Z, it follows that crudely 

proportional to it The frequency of small showers is very roughly inversely 
proportional to N 

All we have said above refers to the number of particles with energies 
above the cntical energy, the total number of particles in a shower is 
roughly double this, as we shall deduce from the followmg general results of 
the cascade theory (Bhabha and Heitler 1937, fig 4 and §7, A) The 
number of particles in a shower with energy > Em proportioned to 1/E pro- 
vided E Eg The number in any energy range dE therefore vanes as 

* yote added in proof — The recent experiments of Morgan and Nielsen (1937) show 
that the intensity of secondaries and showers m equilibrium after largo thicknesses 
of absorber with penotratmg particles is roughly the same in lead and iron, m 
agreement with our theory This is not the case on the theory of Landau and 
Ruiner, where only the process (2) is considered (More exactly, Morgan and 
Nielsen fand that the mtensity in iron is 20 % higher Wo behove that this dis- 
crepancy can bo attnbuted to geometrical differences m the two oases, since the 
dimensions of the counter system are the same m both, whereas the characteristic 
units of length Xg are quite different m iron and lead ) They also observe typical 
transition effects on addmg load or iron after large thicknesses (274 g /cm* ) of iron 
or lead respectively, the addition of lead causmg a rapid mcrease followed by a 
decrease to the air leail curve, and the addition of iron to load causmg a rapid 
decrease followed by an mcrease to the air iron curve These results are completely 
in accordance with our theory and result from the fact that although the secondary 
intensities are roughly the same in all elements, the mean energy of the secondaries is 
much higher in lighter elements, as we have already pomted out m the text 
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dEjE* Multiplication does not continue below the cntical energy E^, so the 
number above E does not continue to increase as IjE But the number of 
particles m a given energy range dE is roughly the same as at the cntical 
energy, namely dEjEf Hence the total number of particles below E^ is just 
proportional to IfE^ whereas the number above E^ is also proportional to 
We thus get the following rough result of the cascade theory The 
number of particles m a shower with energies below the cntical energy is 
roughly equal to the number above the cntical energy, which is what we 
wished to deduce 

In Table VI we give the values of P(N) for lead and water assuming the 
constant G to be unity * The figures give the probabihty for a shower con- 
taining N particles above the cntical energy The total number of particles 
m the Jbhower is roughly twice this as we have already stated The figures 
show, what we have already said, that while the probabihty of shower 
production is less m hghter elements, it is nothing Uke as small as would 
follovr from a law This result seems to be in accordance with what little 
18 known about shower production by the penetrating component We also 
see that the chance of a shower of some ten electrons and positrons accom- 
panying the heavy particle is not very small, being of the order of 0 6 % 
This seems to be of the right order of magmtudo to agree with expenment 
Further, except for large showers, the figures are not very sensitive to the 
mass of the heavy particle 

From these figures we may calculate the average number of particles 
accompanying the heavy particle This is what we have calculated fairly 
accurately in § 3 We thus get figures which are on the average about twice 
those of Table IV This is due to the fact that in calculating Table VI, we have 
put the constant C equal to unity whereas in fact we know that it is larger 
The comparison shows that C is nearly 2 and that hence the figures in Table VI 
are roughly too large by a factor 2 The agreement is as good as could be 
expected and confirms our statement that the formula (4 10) is a fairly 
accurate determination of the order of magmtude of the shower probabiUties 

Lastly we would remark that Table VI gives the shower probabihties due 
only to the first process mentioned at the beginmng of this section The 

• NoU added in proof — We might have proceedotl more accurately as follows 
Putting E = Ef m {4 10), the mean number of particles of energy greater than Ec 
accompanymg the heavy particle is just ENP(N), which is a function of G This 
18 just N,-^ of (3 2) By equatmg the two we can determine the value of C This 
IS to be insert^ in (4 10) in evaluating P(N) We find that C is m the neighbour- 
hood of 2 Due to the occurrence of C m u, this method would have gi\ en slightly 
smaller relative probabilities for larger showers than those of Table VT, in addition 
to reducing all the probabihties by roughly a half, as is stated m the text below 
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probabihties for the second process, i e for showers caused by quanta emitted 
by the heavy particles can be calculated similarly We shall not do this 
exphcitly Indeed the expressions (4 2) and (4 3) show that for particles of 
mass M ^ 1 Out the chance of emitting a hard quantum is negligible com- 
pared to the chance of producing an electron of the same energy Thus for 
particles of ilf = 100m and protons the second process is neghgible For 
particles of mass 6x10® e-volts the two probabihties are roughly equal, so 
that if we took the second process into account as well, all figures m Table VI 
for particles of 6x 10* e-volts would be roughly doubled Moreover the 
second process would make larger showers relatively somewhat more 
probable since the emission of hght quanta does not favour the lower energies 
as much as the production of fast secondaries 


Table VI 


JJo-Mc* Me> 

6xl0<e volts 

6xl0«e volts 
6 X 10’ 0 volts 
Protons 
6 X 10* e volts 
6x10’ 0 volts 
Protons 


N I 2 

/Lead 2 4 0 4 

\ Water — — 

/Lead 4 7 16 

(Water 2 6 0 72 

/Lead 4« 14 

(Water 2 6 0 60 

Lead 20 0 6 

Water — — 

Lead 47 16 

Water 2 8 0 88 

Lead 4 7 1 62 

Water 2 8 0 88 

Lead 4 7 15 

Water 2 8 0 86 


4 5 

0014 — 

0 68 0 40 

0 26 0 16 

0 67 0 38 

0 22 011 

0 08 0 026 

0 60 0 42 

0 36 0 24 

0 60 0 42 

0 36 0 24 

0 60 0 42 

0 36 0 24 


10 60 


0 12 0 37x 10-* 

0 034 — 

0 12 0 34x10-* 

0 026 — 


0 13 0 64x10-* 

0 077 0 29 X 10-* 

0 13 0 64 X 10-* 

0077 0 29x 10-* 

0 13 0 63 X 10-* 

0 074 0 26 X 10-* 


The figures give the probabilities per cent of tlie heavy particle being accompanied by a shower 
contaimng N particles above the critical energy The total number of particles in the shower is 
roughly twice this The upper figures in each row refer to lead, the lower figures to air or water 
If showers started by emitted quanta be also taken into account, then the figures for particles of 
M = 10m, would be somewhat more than doubled, and the others would be unreeled 


6— The cbbation of heavy pabticles 

In this section we will just discuss very bnefly what eflFect the possibihty 
of pair-creation of heavy particles would have on cosmic ray phenomena 
Since the pair-creation cross-sections vary roughly inversely as the square 
of the mass of the particle it follows that it is much more likely that an 
electron rather than a heavy particle should be created by a y-ray Thus, if a 
heavy particle emit a quantum, the subsequent range of the quantum is 
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almost entirely controlled by the probability of its creating electrons, 
and the nnmber of quanta and electrons at any point is determined by the 
cascade process which follows The chance of a pair of heavy particles being 
created by one of the quanta emitted by a heavy particle is therefore a 
process of a higher order 

The creation of heavy particles however has an effect on questions con- 
cerned with penetratmg power Suppose a very high energy quantum or 
electron enters some material The number of particles and the ionization 
up to distances of 20 or 30 in the characteristic umts Ap is determmed by the 
usual cascade process In this process many quanta take part at some stage, 
and there is a fimte though small chance ot some heavy particles being 
created These, due to their low radiation loss would continue to penetrate 
to distances much larger than SOA^ while the cascade electrons do not do so 
with any comparable probability The foUowmg question is therefore of 
interest Supposing a quantum of energy hv enters a sheet of material, what 
IS the number of heavy particles of mass M with energy greater than some 
arbitrary value E found at distances so large that the cascade process 
following on the original quantum has died out? The distances however have 
to be small compared to the range of the heavy particles Both these condi- 
tions can be fulfilled if M and E are large enough We have solved this 
problem very crudely, and give only the answer here The number of heavy 
particles with energy greater than E is of the order 



The order of magnitude of the expression (6 1) is determmed by t, and it is 
only vahd when t 1 for then the creation of heavy particles does not 
appreciably influence the cascade process 

It IS premature to draw any defimte conclusions, but we wish to point out 
in passmg that the above considerations may have some beanng on the 
following discrepancy between theory and expenment While the ordmary 
cascade theory predicts that an electron of 10^® e-volts at the top of the 
atmosphere will produce an entirely neghgible number of electrons at sea 
level, Bowen, Millikan and Neher find a number of particles which is an order 
of magmtude larger, being about 1 /600th of the number at the maximum 
A considerable fraction of these particles at sea level could be attributed to 
pair-creation in the atmosphere of heavy electrons with rest mass of the 
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order of 10m, if such pair-oreation ib possible at all This does not exclude the 
possibility that some heavy particles at sea level may have come in from 
outer space 

In this connection we would remark that the well-known second maximum 
of the Eossi curve which occurs at 17 cm of lead shows that penetratmg 
particles are also produced in the lead (cf Sohmeiser and Bothe 1937) 

6 — General discussion and conctlusions 

In discussing the expenmental evidence in the hght of assumption (6) we 
have not hmited ourselves to the hypothesis that only one new particle is 
concerned in cosmic radiation Indeed in the expenmental evidence itself 
there are definite hints that one new particle alone may not suffice to explain 
all the facts We must therefore be prepared for the eventuality that a later 
and more complete theory may allow particles to exist wliose rest masses 
may take on one of an infimte number of possible values of which only a few 
may turn out to be stable With this idea is connected the possibibty of a 
particle changmg its rest mass, the difference in the energy being radiated 
or commumcated to some other particle m the immediate neighbourhood 
This change in the rest mass may be spontaneous, or caused by an external 
agency The former possibihty is not very interesting as far as cosmic 
radiation is concerned, for if the probability is large, the change will take 
place before the particle reaches the earth, if small, then the chance of its 
taking place in the very short time taken by the particle in penetrating the 
earth’s surface is also neghgible We will therefore only consider the second 
possibihty, and in particular the chance of a heavy electron changmg its 
rest mass while moving very rapidly near a nucleus We consider the process 
in the system in wluch the heavy electron is at rest, so that the nuclear field 
acts hke a superposition of quanta The change of rest mass with the emis- 
sion of radiation then corresponds, as it were, to radiation induced by the 
presence of one of these quanta, the jiarticle jiassing mto a state of lower 
rest mass We of course do not ascribe any mternal structure to the iiarticle 
The emitted quantum would therefore be sent out m the direction in which 
the nucleus is moving, and hence m the system in which the nucleus is at rest 
would have very httle energy indeed duo to the action of the Lorentz trans- 
formation The particle would nevertheless have changed mto a particle of 
smaller rest mass, and its subsequent behaviour would, therefore, be 
different The only chance of a large quantum bemg emitted m the system 
in which the nucleus is at rest is therefore if a direct collision takes place 
The cross-section for this is therefore at most the nuclear cross-section, i e 
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of the order {e^jmc*)^ and it may be very considerably smaller Smce the 
process however depends on a direct collision, we might expect it to vary for 
different nuclei as Z rather than Z* This behaviour might be connected with 
the fact observed by Blackett and Wilson that for very high energy particles 
the energy losses m lead and alumimum are comparable Of course, the 
possibihty of such radiation losses does not affect the ordinary Bremsstrah- 
lung loss we have calculated above, but will be m addition to it 

Finally, we wish to draw attention to a discrepancy of which not sufficient 
notice has been taken A comparison of the results of several investigators 
has shown, as has been put into direct evidence by Auger, Ehrenfost, Freon 
and Fournier ( 1 937) that measurements of the absorption of cosmic radiation 
by change in the zemth angle of three counters in a plane are not in agree- 
ment with measurements m which the depth of the counters below the top 
of the atmosphere is changed It directly follows that the absorption of the 
radiation is not a unique function of the thickness of atmosphere traversed 
The discrepancy is not attributable to differences in intensity at the top of 
the atmosphere due to the earth’s magnetic field since the results do not 
depend on the direction in which the zerath angle measurements are made 
Nor IS this attnbutable to a transition effect as Blackett (19374*) suggests, 
since air and water have roughly the same atomic number, and further, 
geometry does not play a role when single track coinc idences are measured 
These discrepancies however could be reconciled by the assumption that 
for some unknown reason the uppermost layer of the atmosphere absorbs 
more strongly than we should expect it to This would also bo in agreement 
with the observation of Bowen, Millikan and Neher {1937) that the maxim urn 
of the absorption curve in the atmosphere occurs at about two-thirds of the 
distance from the top that the theory predicts 

We may then sura up the results of the discussion of this paper as 
follows 

1 — The measurements of energy loss by Blackett and Wilson in lighter 
elements, if they are correct, are easily reconcilable with a “breakdown” 
theory in which the breakdoAvn energy depends on the atomic number 
They can only be explamed on a “new particle” theory by attnbuting a 
behaviour to the new particles which is not descnbed entirely by present 
quantum mechamcs Processes givmg nse to large energy losses must be 
assumed which however vary as Z rather than Z^, as for example a ^xissible 
change in the rest mass of the particle (§ 1 C) 

2 — An analysis of the transition curves for large showers and bursts 
shows that a breakdown theory is unable to explain the shape of these curves. 



292 


H J Bhabha 


and allow^s one to conclude that at least some large bursts and showers must 
be entirely due to cascade processes in accordance with the theory (§ 1 B) 

3 — The latitude effect at sea level which extends to 60°, m conjunction 
with the direct proof by Bowen, Millikan and Neher that the cascade theory 
is correct in air up to 10“ e-volts demands the existence of new particles A 
breakdoAv n theory cannot explain this sea level latitude effect since a break- 
down below 10“ e-volts cannot be in question (§ 1 A) 

4 — A soft component consisting of electrons must accompany any energetic 
penetrating particle and/or heavy electrons of mass M ~ 100m is in air or 
water of the order of 7 % for particles of 10“ e-volts and of the order of 
16 % for particles of 10^®e-volts The former figure is of the same order as 
the expenmental findings of Auger and others In lead the soft component 
vanes from about 16 to 30 % For M~l0m the figures are roughly double 
these (§ 3) 

6 — ^The frequency of production of showers by a heavy particle does 
not depend on the atomic number for the smaller showers, though it is 
somewhat less in lighter elements The size of the largest shower which 
18 produced with any reasonable probability by penetratmg particles of a 
given energy is, however, proportional to Z The mean energy of the shower 
particles is higher in lighter elements for showers of the same size (§ 4) 

6 — The probabihty of a shower of particles being produced by a very 
energetic heavy particle is roughly mversely proportional to Ny provided N 
18 not too large, where y is somewhat larger than 1 (§ 4) 

7 — The large number of particles observed at sea level by Bowen, Mdhkan 
and Neher may partly be heavy electrons of mass almost ten times the 
electron mass created in the atmosphere by the quanta emitted by electrons, 
though some of them may be heavy electrons which entered the atmosphere 
from outside (§ 6) 

8 — The discrepancy between the zemth angle and direct absorption 
measurements, and also the observation of Bowen, Millikan and Neher that 
the maximum of the atmosphenc absorption curve occurs at two thirds of 
the theoretical thickness from the top, may both be explained by assuming 
that for some unknown reason the uppermost layer of the atmosphere 
absorbs more than we should expect it to, i e more like a substance of larger 
atomic number This may be due to the fact that the atoms m these layers 
are largely lomzed (§6) 

9 — A breakdown theory based on hmiting the acceleration of the electron 
in the rest system would carry with it not only a modification of the radiation 
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formulae but also a diminution in the ionization loss According to Cosyns 
the ionization of cosmic ray particles seems to be less than the theoretical 

Summary 

An analysis of the experimental data is earned through to show that a 
“breakdown” theory for radiation loss of electrons cannot explain (1) the 
latitude effect at sea level from latitudes of 36-60°, (2) the large number of 
particles found at sea level in the difference curves of Bowen, Milhkan and 
Neher for charged particles of 10‘® e-volts, (3) the shape of the transition 
curve for large bursts All these facts can be explained by assuming that the 
penetrating component consists of new particles with masses between those 
of the electron and proton But in order to explain the energy loss measure- 
ments of Blackett and Wilson, one must then assume that these particles 
suffer large energy losses in addition to the ordinary Bremsstrahlung which 
must vary m different substances as Z rather than Z*, as for example a change 
in the rest mass of the particles 

The radiation loss and the pair-creation cross-sections taking screemng 
into account accurately for “heavy ” electrons are calculated The frequency 
of the production of showers of different sizes by such heavy electrons as also 
the intensity of electrons in equihbrium with such particles forming a soft 
component are also calculated, and it is shown that though both these are 
somewhat larger in heavier elements, the variation is much less than a Z* 
law would give A comparison with experiment gives the mass of the 
penetrating particles as of the order lOOwi 

If such heavy electrons can be created as usual in pairs, then a jiart of the 
hard component at sea level could consist of heavy electrons of mass 10m 
created by the soft c-omponent m the upper atmosphere 

It IS shown that there are reasons to suppose that the uppermost layers 
of the atmosphere are more absorbing than one should expect from their 
mass This may be due to the fact that the atoms in these layers are largely 
lomzed thus increasmg the effective radiation and pair-creation cross- 
sections 
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The Hydrolysis of the Methyl Halides 

Br E A MoBLWYN-HTTaHBS 

{Communicated by Eric K Rideal, FR 8 — Received 19 October 1937) 

An aaaumption common to the many current theones of chemical kinetics 
IS that the velocity (A) of reaction is proportional to the Maxwell-Boltzmann 
factor which in simple cases represents the fractional number of 

molecules possessing an amount of internal energy not less than E The 
condition that reacting molecules must possess a critical energy m excess of 
the average value for all the molecules is, however, only one from a number 
of conditions which must in general be fulfilled before chemical change can 
take place The present development of the subject calls for quantitative 
information concerning these conditions, which have hitherto been dis- 
cussed almost exclusively from the theoretical standpoint 

When the complete expression for the velocity of reaction contains 
temperature-vanable terms other than the Maxwell-Boltzmann factor, it is 
clear that the Arrhemus energy of activation {Ej}, defined by the relation 

Ej^ = cannot be constant Todetermme its vanation with tem- 

perature reqmres, however, data of higher accuracy than those usually 
available, and our expenmental knowledge on the problem is stiU meagre 
Perhaps the best example is the inversion of cane sugar, for which it has 

been found that = -98±4 (Moelwyn-Hughes 1934) Values of the 

same order of magmtude must prevail also for disaocharides generally 
(Moelwyn-Hughes 1928) An important consequence of these results is 
that the true energy of activation is at least twice as great as the familiar 
but erroneous figures generally accepted, and that the corresponding 
Maxwell-Boltzmann factor in the expression for the velocity is incomparably 
less than one had imagmed 

The glycosides — particularly sucrose — are complicated structures, which, 
moreover, hydrolyse only in the presence of catalysts, and the questions 
anse as to how far high values of — dE^jdT are specific to changes suffered 
by large molecules, or to catalysis The experimental mvestigation of 
the unoatalysed hydrolysis of a smtable and simple molecule should allow 
of a decision Ethyl iodide presented itself as a favourable case 
(CjHjI HjO CjHjOH -b HI), 
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but its atudy la comphcated by a aide reaction (CgHgl-*- CjH^ + HI) which 
18 reaponaible for aevere if only occasional explosions, and the work, for 
this reason and for others, was abandoned (Moelwyn-Hughes 1933) 

We here describe experiments on the uncatalyaed hydrolysis of three 
methyl hahdes, which we have found to be free from oomphcations, and to 
proceed ummoleoularly to completion at all accessible concentrations and 
temperatures The results in condensed form are shown m Table I, with 
energies in calones per gram-moleoule, and velocity constants m reciprocal 
seconds These figures show beyond doubt that high values of —dE^jdT 
are not specific to the catalysed hydrolysis of glycosides, but hold also for 
the uncatalysed hydrolysis of methyl hahdes In both cases the values of 
- dEj^jST are of a higher order of magmtude than those found for reactions 
occumng between ions and polar molecules (Moelwyn-Hughes 1936a) 



CH,C1 

Table I 

CH.Br 

CH,I 


I 99 X 10'» 

3 67 X 10-» 

6 87 X 10-» 

A„ji 

1 08 X 10-« 

1 31 X 10-> 

4 47 X 10-« 

Ett»i 

27,703 

26,626 

28,147 


22,706 

21,424 

23,111 

dEJdT 

-66 62 

-68 01 

-67 14 


It IS too early yet to generabze, but we may say that a marked fall m the 
apparent energy of activation with nse m temperature charactenzes both 
simple and comphcated hydrolyses for which most accurate data are avail- 
able 


ExpemmentaIj method 

Fig 1 illustrates the apparatus used for preparmg the solutions 
Ordmary distilled water, which separate experiments showed to be as 
suitable as the purest conductivity water, is sucked into the 600 c c bulb A, 
where it is vigorously boiled at 20” C The vapour of the methyl hahde, 
stored m the 3-htre bulb B, is led over anhydrous calcium ohlonde into the 
water in A, where it is allowed to bubble slowly for a day or two, pending 
saturation After measuring the partial pressure of the methyl hahde, 
the solution 18 dehvered into graduated reaction vessels by lettmg m air 
gently and at equal rates to both hmbs of the bubbler, agitation of the 
solution leads to loss of solute vapour — a diflfioulty responsible for some of 
th^ irregularities found m previous work (Moelwyn-Hughes 1933) The 
sealed tubes are placed separately in pairs of concentric metal oylmders of 
the type described by Moelwyn-Hughes and Hinshelwood (1931) After 
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umnemon for a measured tune in electnoally regulated or in boibng-vapour 
thermostats, the contents of each tube are analysed for hahde and hydrogen 
ions and for free halogen The end-pomt of each run corresponds to complete 
hydrolysis according to the equation 

CH3X + H jO ^ CHjOH + H+ + X- 



Due, however, to an inevitable escape of some solute vapour, the first tube 
of a senes to be filled usually required rather more analytical reagent than 
the last, but the lose seldom exceeded 1%, and, as shown in Table II, was 
less in favourable circumstances 


Table II — Standabi) reagent (0 o ) eob bepbesentattve 

END-POINT TITRATIONS 


CH,C1 CH,Br CH,I 


Fust tube filled 30 38 10 40 42 43 

Last tube filled 38 90 10 38 42 12 


First 

Last 

Fust 

Last 


07 40 24 06 43 84 

67 14 24 84 33 74 

03 37 108 66 61 61 

02 43 108 60 61 68 
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That the end-pointa correspond to complete hydrolysis was shown by 
treating the hydrolysed solutions with alcohoho potash or with aqueous 
silver mtrate, when no further change could be detected Previous work 
(1933) traced the formation of some free halogen — not exceeding 1% — 
quantitatively to atmosphenc oxidation, hence in the present work no 
precautions were taken to exclude oxygen from the vapour above the 
solutions in the sealed tubes In the case of methyl iodide, a tared solution 
made up to 0 3118iV gave on analysis 0 3071,^ lothde, or 98 5%, and 
0 88% molecular iodine In the case of the other hahdes, the amount of 
free halogen formed was even less, and was ignored The methyl hahdes, 
supphed by Kahibaum, were found to be free from acid and uncombmed 
halogen 


Static measurements 

The distribution of methyl chloride and methyl bromide between the 
vapour phase and an aqueous solution was determined at 20° C , the 
particulars of a given experiment being as follows Bulb A contaimng water 

Table III — Distribution of methyl chloride at 293 1° between 
THE VAPOUR phase AND AN AQUEOUS SOLUTION 

Partial pressure 

m the Concentration 


vapour pliase in solution 

(mm Hg) (mmol /litre) p/c 

25 5 2 3» 10 8 

108 3 10 74 10 1 

183 17 68 10 36 

269 6 26 31 10 26 

364 33 4 10 6 

432 6 41 26 10 6 

480 46 1 10 4 


Average = 10 4 


saturated with methyl chlonde had a total pressure of 278 5 ram Hg Sub- 
tractmg the vapour pressure of pure water (17 5 mm ) and the hydrostatic 
pressure ( 1 5 mm ) due to a head of 2 cm of water, the partial pressure, p, 
of methyl chlonde m the gas phase is 278 5 — 19 0 = 259 6 mm , assuming 
Dalton’s law The first tube of 20 c c required, after hydrolysis, 44 75 0 c 
of 0 sodium hydroxide to neutrahze the acid generated, and the 

last tube required 44 06 0 c Hence the concentration of solute is 25 3 1 mmol 
per litre, and the distnbution ratio {p/c) is 10 26 in these umts Other values 
found are reproduced in Tables III and IV Occasionally, at the lower 
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pressures, high values of this ooeffioient were found, but repetition showed 
the tabulated figures to be correct, and the discrepancy to be due to loss of 
vapour, which has a relatively greater effect under these circumstances 
Withm the region of pressures exammed, Henry’s law is obeyed Con- 
verting the concentrations in both phases to molecular umts, we have 
®8(dution/®vapour ” ^ methyl chlonde, and 1 315 in the 

case of methyl bromide The corresponding energy terms, 

^ (<^Solutiou/Caa«)> 

are -297 and + 169 respectively These figures, while being useful for the 
kinetic purpose for which they were obtamed, have no thermodynamic 
sigmflcance as they do not refer to eqmhbna 

Tabll IV — Distribution of mbthyl bbomidk at 293 1® between 
THE vapour phase AND AN AQUEOUS SOLUTION 


p c pic 

42 8 86 4 76 

210 43 9 4 78 

336 70 7 4 74 

360 73 2 4 78 

472 99 0 4 73 

497 104 2 4 77 

498 104 6 4 76 


Average = 4 76 


Kinetic measurements 


Unimolecular velocity coefficients were determined by the usual methods 


from the equation 


k 


T oo-Ti 

Too-T,’ 


where T stands for the titre at time t sec Determination of halide by 
Volhard’s method, using standard silver nitrate and potassium thiocyanate 
with feme alum as indicator, gave results in agreement with estimates of 
acidity usmg htmus For example, Exp 12 of the methyl bromide senes 
gave A: = 1 84, X 10"* sec by the first method, while Exp 2 performed 
some weeks previously at the same temperature gave 1 884 x 10~* by the 
second method The two procedures nere adopted indiscriminately, except 
m the case of methyl chlonde, where the estimation of hydrogen ion is less 
labonouB than the other Some specimen results are shown in Tables V, 
VI and Vn The positive titre for i = 0 in Table V mdicates some delay 



300 


E A. Moelwyn-Hughee 


Table V — Methyl chloride in water at 357 30® 


( r,. c o 0 00950JV NaOH * x 10* 

mm per 20 o c sample sec 

0 0 22 — 

60 6 00 2 74 

134 11 04 2 70 

180 13 74 2 76 

288 20 81 2 70 

420 27 86 2 76 

660 33 20 2 70 

830 40 77 2 66 

00 66 63 — 


Average 2 71 
Duplicate 2 67 

h=2 69x 10-» 

Table VI — Methyl bromide in water at 330 70*^ 


t T„<io 0 02020Ar AgNO, fc x 10* 

mm perlOoc sample sec 

0 0 — 

36 2 43 2 43 

88 6 92 2 46 

109 7 13 2 43 

140 9 11 2 48 

266 15 42 2 49 

300 17 30 2 46 

412 22 08 2 46 

482 24 76 2 47 

00 49 49 — 


Average 2 46 
Duplicate 2 48 

* = 2 47 X 10-^ 

Table VII — Methyl iodide in water at 321 23° 


t Tf.coO 02019N AgNOj ft x 10* 

rnm per 20 c c sample sec 

0 0 — 

624 2 48 1 96 

866 4 08 1 94 

1476 6 83 1 96 

1963 9 00 1 99 

2770 12 03 1 96 

2932 12 86 2 00 

2736 16 22 1 93 

00 43 62 — 


Average 1 96 
Duplicate 1 90 

* = 1 93 X 10-« 
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between charging the tubes and starting the run Results to be described 
in the following paragraph suggest the possibihty of a shght vanation in k 
during the course of a single expenment No such change could, however, 
be detected, where drifts occurred, they were as often upwards as down- 
wards, and are probably due to experimental error 

The dilution effect 

The extent to which the rate of hydrolysis is influenced by the dilution 
Is illustrated m Table VIII, where the initial concentration of methyl 
bromide has been varied ninefold, which is the hmit attainable by the 
present apparatus and techmque 

Table VIII — The variation of k with dilution 
Initial concentration 

T of methyl bromide k x 10‘ 

* aba g mol /litre soo ”* 

363 4010 00 0 0122 5 28 ±0 10 

303 33 1 0 06 0 0303 6 68 1 0 08 

363 1210 04 0 1046 6 0610 10 

The reaction was in each case followed until at least 75% of the total 
change The results are approximately expressible by a square-root law 
{kxlO* = 6 OO-h 3 3c>), but supplementary evidence points to a hmitmg 
velocity constant for the saturated solution The results leave no doubt as 
to the kinetic order of reaction 

The influ encf of temperature 

With a fixed imtial concentration of solute, the velocity of hydrolysis has 
been determined over a temperature range sufficient, in each case, to alter 
the rate by a factor of at least one thousand The results do not conform with 
an equation of the Arrhemus type, but may bo represented, as shown in 
li»bles IX, X and XI, by the following formulae 

Methyl ddonde logio* = 1 10 223 - - 33 669 logioT, 

Methyl bromide logio*; = 11-2 656-^^^™ -34 269logio^r, 

Methyl iodide logio* = 1 1 1 869 - - 33 82 1 logjo?’ 
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These expressions are valid as first approximations, and have been used 
to obtam the values of and dE^jdT given m Table I The most aoouiate 
set of data refer to methyl bromide, on account of its relatively great solu- 
bihty Detailed analysis of all the results suggest that -dEJZT passes 
through a maxmium withm the experimental temperature region, but from 


Table IX — ^Methyl chloride (0 0376iV^) 


T 

^observed 

formula 

314 78 

2 30 X 10-’ 

2 21 X 10-’ 

326 24 

9 68x10-’ 

9 60x10-’ 

333 11 

2 16 X 10-* 

2 18 X 10-* 

341 28 

6 43 X 10 * 

6 40 X 10-* 

348 99 

1 22 X 10-» 

1 20 X 10-‘ 

367 30 

2 69 X 10-* 

2 70 X 10-» 

373 37 

1 08x 10-‘ 

1 lOx 10-* 

383 98 

2 48 X 10-* 

2 64 X 10-* 

Table X— 

-Methyl bromide (0 0949 

T 

^observed 

l^ormuU 

290 13 

I 07 X 10-’ 

1 04 X 10-’ 

308 83 

1 66 X 10-* 

1 66 X 10-* 

319 60 

6 71x10-* 

6 67 X 10-* 

330 70 

2 47 X 10-* 

2 46 X 10-» 

336 02 

3 91 X 10-» 

3 94 X 10-» 

360 27 

1 84x10-* 

1 84x10-* 

363 38 

6 06 X 10-* 

6 12x 10-* 

373 18 

1 28 X 10-* 

131x10-* 

Table XI 

—Methyl iodide (0 0467 N) 

T 

Observed 

^fonnula 

308 87 

3 43 X 10-’ 

3 63 X 10-’ 

321 23 

1 93 X 10-* 

1 92 X 10 * 

323 69 

2 70x10 • 

2 64x 10-* 

328 72 

4 81 X 10* 

4 926 X 10-' 

333 88 

8 72 X 10-* 

9 08 X 10-* 

342 92 

2 49 X 10-* 

2 60 X 10-* 

363 06 

1 80 X 10-* 

1 84 X 10 * 

372 92 

4 31 X 10* 

4 34 X 10-* 


the form of the above empmoal equations, the second differential coefficient 
of Ej^ with respect to temperature cannot be estimated with accuracy The 
last numerical constant in these expressions {and consequently dEJdT) is 
to be regarded as the average value for the explored temperature interval 
In the case of methyl bromide, it vanes fixim the actual values m the different 
temperature regions by about ± 10% of the mean value The variations in 
the other cases are higher 
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Discussion 

The pruicipal feature of these results is that the temperature coefficient 
of the apparent energy of activation is as great as - 67 for the most simple 
cases of uncatalysed hydrolyses hitherto investigated No single theory yet 
advanced can consistently account for this magmtude, and it appears that 
many of the hypotheses independently furthered in various directions 
must be co-ordinated to furnish a satisfactory solution of the problem 
Before bnefly referring to these, we may make some inferences as to the 
mechanism of hydrolysis on the basis of the present experimental facts 

The methyl halide molecule is capable of rune internal motions, most 
of which, from the known molecular frequencies, are fairly stiff vibra- 
tions, incapable at ordinary temperatures of contnbutmg appreciably to 
the specific heat term To explain the present observations we must con- 
sequently look to certain extramolecular effects, such as the rotation of the 
solute molecule as a whole m its solvent envelope, or to the weak vibrations 
which characterize the solute-solvent contacts The measurable step m 
hydrolysis requires the participation of many bonds, exceedmg in number 
those which are found within a single solute molecule The reaction is thus 
a multimolecular one, although there is no objection to regarding it as the 
unimolecular decomposition of a cluster of solvent molecules with a solute 
molecule at the centre The conclusion talhes well with the fact that the 
products of reaction are solvated ions with a pseudocrystalhne structure 
The hahde ion retains this structure, but the methyl ion replaces a hydrogen 
ion from a water molecule 

The decomposition of the alkyl hahdes in the gaseous phase (Vernon and 
Darnels 1932) requires a greater apparent energy of activation than the 
true energy of activation {ca 48,000) for the hydrolysis The difference is 
great enough to render improbable, though not to exclude, the meohamsm 
of a rate-determimng formation of free radicals m solution, followed by 
rapid polar changes, includmg lomc solvation 

Another mechamsm, provisionally ignored pendmg further work, is the 
simultaneous approach ofa hydroxyl ion and a hydrogen ion from opposite 
sides of the methyl hahde molecule (cf Ogg and Polanyi 1935, Moelwyn- 
Hughes 19366) 

Acceptmg the rate-determining step to be the simultaneous attack of 
the solute molecule by many of the solvent molecules which surround it, 
we may note three effects which can contribute to the fall in the Arrhemus 
energy of activation (1) Let some of the energy reside in a number, F, of 
bonds which are assumed to oscillate classically and to be feebly coupled, 
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then = constant — J" RT (Hmshelwood 1926, Fowler and Rideal 1927) 
It 18 improbable that the whole of the observed eflFect is due to this dis- 
tnbution of energy, if it were, the activated cluster would have an 
average life of 1 sec (when F = 34, T = 373 \, E = 47,600, activated 
fraction = 1 86 x 10-*) Moreover, in cases such as the mversion of cane- 
sugar (F = 49, F = 58,200, T = 298 1, activated fraction = 1 74 x lO'^), 
the supply of activated complexes is barely sufficient to maintain a stationary 
concentration It seems evident, however, that the distribution of the 
activation enfergy among a number ot degrees of freedom accounts for some 
of the observed effect, and yields a theoretical expression which is formally 
compatible with expenment This opens up the question of how far the 
actual motions resulting from the interaction of solute and solvent mole- 
cules may be treated as classical oscillations (2) Let the solute and solvent 
molecules have electrical moments of magmtude and /i, respectively, 
and an average separation Assummg the cntical separation, which 
differs from f^, to be independent of temperature, and considermg one solute 
molecule to make contact with x solvent molecules, we have 

= constant -I- I | (Moelwyn Hughes 1937) 

Hence the existence of dipole-dipole attractions also partly accounts for 
the observed fall in the Arrhemus constant, though the motion imphed 
cannot be a simple harmonic one (3) The acquisition and appropnate 
distnbution of internal energy by the reactmg cluster and the adjustment 
of potential energy are not the only conditions which must be fulfilled 
before chemical change can take place The internally activated solute 
molecule must turn round m the sheath of solvent molecules to find a 
position which, from the purely stenc as well as from the potential-energy 
consideration, is most favourable to reaction To do so entails the ex- 
penditure of energy, which vanes with the temperature, and may be 
estimated from the average speed of rotation of a solute molecule Usmg 
Einstem’s expression for a sphencal molecule of radius r in a medium of 
viscosity Tj, we have v = kTl^rtr^rj This effect accounts for a partial 
of about — 1 6 

Not one of the three expressions discussed here can be regarded as quan- 
titatively apphoable to the systems under investigation, but they all 
indicate directions along which further progress may be sought 

The average decrease in molecular heat attending the dissociation of 
fifteen electrolytes, chiefly acids and bases, in aqueous solution at 298 1® 
IS — 38 8 The reverse process, 1 e the combination of ions to form un- 
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dissociated molecules, is known to be accompamed by much smaller specific 
heat changes, hence the lomzation of electrolytes m water may be moluded, 
along with the hydrolysis of glycosides and alkyl haUdes, m that category 
of chemical changes for which the equation of Arrhenius is not apphcable 
These examples are experimentally more rehable than the dubious instances 
cited by La Mer (1933), with whose theoretical treatment, however, we are 
m agreement While this work was m progress, two further instances have 
come to light of reactions which probably belong to this category They are 
the mutarotation of glucose, for which dE^jdT = — 27 0 + 1 6 (Smith and 
Smith 1937), and the decomposition of oxahc acid in water, for which a 
much higher value holds (Dmglmger and Schroer 1937) It is rather sur- 
pnsmg that no such effect has yet been detected m the numerous hydrolyses 
and alcoholyses of the substituted methyl halides (e g Dawson and Pycock 
1936, Hughes and Ingold 1937) Though in solvents other than water 

may well be relatively small, the “fall effect” must be regarded in these 
instances as unrevealed rather than absent 

As far as we are able to generah^e, we may say that (1) The inapplic- 
abihty of the Arrhemus equation is most marked m reactions involving 
solute and solvent These reactions have for some time been regarded as 
somewhat special cases, requiring a modification of the Arrhemus law 
(Moelwyn-Hughes 1933), hence the present discoveries, while demanding 
an adjustment of ideas, need not distort the general presentation of the 
kinetics of reactions m solution (2) The temjierature coefficient of the 
apparent energy of activation is always negative in the regions explored 

The present work was earned out m collaboration with Professor E K 
Bideal, F R S , for whose advice and guidance I am once more greatly 
indebted 


Summary 

For a chemical reaction proceedmg with measurable rate, the most 
significant single constant is the energy of activation, found by the familiar 
method of Arrhemus The value obtained is, m the majonty of known 
cases, a true constant over the accessible temperature regions In the case 
of the catalysed hydrolysis of some compheated molecules, namely the 
glycosides, it has, however, been found (1934) that the energy of activation 
falls markedly with a nse m temperature As the result earned significant 
theoretical consequences, it became necessary to give an experimental 
answer to the question as to whether this fall was specific to the acidic 
hydrolyses of glycosides, or of a more general character In the present 
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woijc; we bave investigated the unoatslysed and unoomphcated hydrolysis 
of some very simple molecules, namely the methyl hahdes, and have found 
that m these cases also the Arrhemus constant falls as the temperature is 
raised 

The fall effect .peeras to be most pronounced for, if not confined to, 
reactions involving collisions between solute and solvent molecules, and as 
far as can be judged is always negative The conclusion is confirmed by 
independent collateral evidence 

At least three causes are recognized as responsible for the total effect 
They are (1) the distribution of energy among a number of oscillators, 
(2) the electrostatic interaction of the polar molecules of solute and solvent 
and (3) the frequency of the rotation of a solute molecule m the solvent 
atmosphere 
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Significance tests for continuous departures from 
suggested distributions of char^ 

By Habold Jeffreys, F R S 
{Received 1 November 1937 — Revteed 18 November 1937) 

1 — The problem to be considered is as follows A tnal law gives the chance 
of an observation m a given range of an argument as a contmuous function 
of the argument, for instance, the suggested distribution of chance may be 
umform or normal We wish to know whether a set of observations indicates 
any departure from this law, thus for a suggested umform distribution we 
may want to test a linear or a harmomc departure, and for a suggested 
normal one we may want to test a symmetrical departure giving excesses 
or deficiencies at the tails 

In the first place we consider problems where the tnal h 5 rpothe 8 i 8 q is 
that the distnbution of chance is umform, we can then choose a linear 
function t of the argument x, so that t will be 0 at the lower and 1 at the 
upper hmit The chance of an observation faUing in a range dx is dt, and that 
of n observations m specified ranges is 77(<ft), provided that they are in- 
dependent 

On the extended hypothesis we can use the same t as a parameter, but 
the chance will be p{t)dt = {1 •\-af{t))dt, where /(<) is a specified function 
and a a parameter to be found Since the total chance must be 1 we must have 


Jy(0* = o, (1) 

and without loss of generahty we can take 

Jy*(0d< = 1 (2) 

Then the chance of all the observations, given ~q, is n[{l+af(t)}dt] 

If two functions f{t) and g{t) naturally arise at once, as for a harmonic 
vanation, the corresponding form will be /7[(1 -|-a/(0 -f- bg{t)}dt], with 

= (3) 

jj*(t)dt - = 1. jj(t)g(t)dt = 0 (4) 
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— TT^^roblem of the introduction of one new function f(t) suggests 
compansSn with the tests already given for the introduction of new functions 
to express a senes of measures (Jeffreys 1936), and for the consistency of a 
samphng ratio with a predicted value (Jeffreys 1937) It differs from the 
former, because the standard error of any determination from the data, 
given the hypothesis of independence, cannot be less than a minimum 
fixed by the number of observations, in the former problem the measures 
were supposed to have an unknown standard error, which might be in- 
definitely small, and our problem was to say how much of the outstanding 
vanation was to be attnbuted to the random error and how much, if any, 
to systematic vanation * The latter test could be adapted to the present 
problem, since the tnal hypothesis predicts the chances of an observation 
m the ranges where /(<) is negative or positive If then we combine all 
observations in these ranges we can compare their numbers with the 
predicted ratio by means of the test for samphng ratios This method, how- 
ever, would involve a sacnfice of information if /(<) is a continuous function 
An excess of observations where f{t) is small would receive as much weight 
as one where it is large, but the latter would be more convincing evidence 
for the presence of/(<) Neither test would therefore be satisfactory as it 
stands The former resembles the present problem, since it allows for f{t) 
being a contmuous function, the latter because it allows for the fact that the 
standard error cannot be indefimtely small, but each fails where the other 
succeeds A special discussion is therefore needed 

The possible values of a are hmited by the fact thatp(<) cannot be negative 
Thus if — I/a and 1 /yd are the extreme negative and positive values of f{t), 
a must he between — and -f- a Within this range we can take its pnor 
probability uniformly distributed It may be desirable, however, to 
consider an alternative statement of ~ g If g is far from the truth, other 
functions than /(() may occur in the chance The extreme departure possible 
in some problems may be that the chance is zero wherever /(<) is negative 
and uniform wherever it is positive, or conversely It will no longer be 
expressible in the form 1 +af(t), but it will be expressible with the addition 
of other terms orthogonal to /(<), whose coefficients we may suppose to be 
small compared with a when a is itself small Then if the total length of 
the ranges where /(<) is positive is A, the maximum positive value of a will 
be given by 

(1) 

♦ The statement of the problem m this way is virtually given m Fisher's eon 
venient term “The Analysis of Variance” 
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and the maximum negative one by 





(2) 

p(t) being assigned for the respective cases We denote the range of the 
permissible values of o by c 

In the case where /(<) is a linear function it must be ^{12) (t-^) The 
extreme values of a in the first case will be + 1 /^3 The maximum possible 
in the second case is given by 

a=j\^{l2){t-l)dt = y3 


(3) 

Thus c will be 2/^3 and ^3 in the respective cases 

Proceeding as usual, we have 



P(s|A) = i, P(~q,da\h)^l^, 


(4) 

P{d\qh)^n{dt), 


(S) 

P(d\^q,da,h) = n[{l+af(t)}dt], 


(6) 

P(q\dh)<xl, 


(7) 

P(~q,da\Oh)ccn{l+ af(l)} ~ 


(8) 

Then the posterior probabihty density for a, on ~ q, is e^/c, v 

rhere 


9^ = -2^1og{l+a/(<)}, 


(9) 

^ +«/(«)’ ^ - ^{l+af{t)Y 


(10) 

The maximum is at o = Oo, where ^'(a©) = 0, if Op is small (as it will be 
whenever a test is needed) this is 



(H) 

nearly, where n is the number of observations Then 



,6(o„) = ia«W0 = in«S. 


(12) 

<p’{ao)=i-n. 


(18) 
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nearly Hence 

P(~g|0A)oc JJexp(intt»)exp{-i»(a-ao)«}do - J (14) 

The term in/(l) will therefore be supported if ig such as to make this less 
than 1 The standard error of a^, m this notation, is n“*, so that the ex- 
ponential factor has the usual form exp( — 

The following table, for various values of n, gives K for Oo = 0 for the two 
values of c, and the values of and that make K = 1 For comparison 

we may notice that Fisher’s (1936, Table III) 6% and 1 % limits, for one 
degree of freedom, are at = 3 84 and 6 64, the former would agree in the 
drst case at about 200 observations, the latter at about 4000 In the second 
case the agreements would come at about 100 and 1700 observations His 
test, of course, does not mean qmte the same thing , it says when an observed 
result would be surpnsmg on hypothesis q, whereas mme, for the larger 
numbers of obser\ ations, may admit this and yet say that it wopld be still 


n 

K 

a,nl 

A 

:* 

6 

1 03 

1 66 

0 26 

0 94 

006 


10 

1 46 

2 19 

0 87 

1 25 

0 76 

1 67 

20 

2 06 

3 00 

1 20 

1 60 

1 46 

2 26 

60 

3 26 

4 80 

1 54 

1 78 

2 36 

3 17 

100 

4 61 

6 02 

1 75 

1 97 

3 06 

3 87 

200 

6 61 

9 76 

164 

2 13 

3 76 

4 66 

600 

10 31 

16 46 

216 

2 34 

4 67 

6 48 

1,000 

14 6 

21 9 

2 32 

2 48 

6 36 

6 17 

2,000 

20 6 

30 9 

2 46 

2 62 

6 06 

6 86 

6,000 

32 6 

48 9 

2 64 

2 79 

6 97 

7 78 

10,000 

46 1 

69 2 

2 77 

2 86 

7 66 

8 19 


more surprising on ~ g In any event cases where the observed Up would come 
in the disputable region would be expected to be rare if either of the hypo- 
theses compared was correct, and some third alternative may suggest itself 
The low critical values for w = 6 and 10 might be altered by a more accurate 
solution, but their correct interpretation is that with so few observations 
the result will be mdecisive m any case Thus if we take Op ” 1/V3 the 
extreme value consistent with the first case, we have forn « 10 

OpVn = 1 83, exp{ - J;^») = 0 10, iT = 0 28 

Thus a set of 10 observations all as favourable as possible to make K 
about 0 3, there would be about 3 5 to 1 odds on ~g on the data 
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The ca8e/(0 =* - 1 for < < ^, f{t) = 1 for < > ^ would mean that on q there 
ifl an even ohanoe that t<^, but that on ~g there is a difference between the 
chances of positive and negative t, these chances themselves being uniformly 
distributed In this case c » 2 and 

X = (^)*exp(-ix*) (16) 

This may be compared with the test of departure from a predicted ratio m 
a sample (Jeffreys 1937) 

which reduces to (10) when x+y = n, p = ^ It has already been noticed 
that in this case no very decisive result is obtamed if the number of obser- 
vations 18 less than about 7, even when they all agree For the bnear form of 
/(<) in the present problem the ratio of the standard error of a to its extreme 
possible value is larger, and the extreme of x® correspondingly smaller, and 
decisive results need more observations 

3 — Grouping of data In the above work the estunate of the unknown a 
IS practically identical with that given by the method of maximum likeh- 
hood, using the observations m detail Any prebminary groupmg mvolves 
some loss of accuracy, m problems of pure estimation this loss may not be 
important, but when the sigmficance of the parameters is not yet settled, 
the mcrease of the standard error may reduce the contribution to x* from 
a given systematic vanation by enough to bring it below the critical value 
when an accurate determination would give a sigmficant x® On the other 
hand if the standard error or, for harmomo vanations, the eqmvalent 
Schuster criterion, is adopted from a formula adapted to an accurate dis- 
cussion, and then compared with ampbtudes found by grouping, large 
random ampbtudes will appear to occur more often than they should, and 
may be accepted as genume Grouped data, treated correctly, will therefore 
sometimes fail to detect vanations that more accurate methods would find, 
treated incorrectly, will sometimes give systematic vanations that more 
accurate methods would show to be spurious 

Nevertheless grouping sometimes saves much labour, and it is desirable 
to have tests adapted to it If we take first the case of a bnear vanation, the 
coefficient may be found by comparing the numbers of observations m the 
ranges ( « 0 to p and t =» 1 -p to I If we call these n_i and bemg the 
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number m the intermediate range, and the true coefficient of < - ^ is a, the 
expectations for the three ranges are 

wp{l-ia(l-p)}, n{l-2p), + 

Hence our estimate will be 

np(\—p)a = ni—n_i (1) 

We therefore need the standard error of Wi — »_i Now the samphng error 
of Jio, if known, would tell us nothing about the sign of the error of — n_y, 
the error of which is the difference of two equal and opposite errors, therefore 
o-(nj, — n_i) 18 twice the standard error of % given that + n_i — 2np nearly, 
and the latter is ^ ^(nj + n_i) Thus 

np{l -p)a == ni-n_i±(2np)* (2) 

Thus the uncertainty of a will be made a minimum by takmg p so that 
(1 - p)p* 18 a maximum, and therefore p = i This result was obtamed for 
measures by Eddington It makes 

<r* = 27/2n (3) 

If we took p = we should have 

<r* = 16/n (4) 

The present a is 1/^1 2 times the 00 of 2(11), which had a standard error 
1/^n, hence the most accurate possible determination of a would have a 
standard error given by 

<7% = 12/71 (5) 

The comparison of the first and last thirds of the range therefore approaches 
the best value in accuracy, and nearly three times as closely as the com- 
parison of the first and second halves of the range In Fisher’s termmology , 
Its efficiency is 89 % , that of the companson of halves is 75 % 

If this method is used we shall need an estimate of the outside factor in 
a sigmficance test, the contnbution to x* from a given a wiU be 8/9 of that 
m the accurate solution The outside factor will be the same as for testing 
an even chance in a sample of number 27i/3, and this is ^(4n/37r) The accurate 
solutions gave, on different hypotheses about the extreme types of variation 
admissible, the outside factors ^(2n/3n) and ^/(8n/2n) The critical values 
of X* will therefore be slightly less than for the latter solution 
Similarly, if a Fourier term is a cos 2frt, we may try to estimate it by com- 
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paring numbers of observations between < = -p and p and between ^—p 
and ^ + p The expectations for three ranges analogous to the above will be 

2n^p + “8m27rpj, n(l — 4p), 2n|p-^sm2n^pj 

Hence our estimate of a will be given by 
2710 

— - sin inp = 7i_| — ra, , (6) 

It 

and the standard error of is twice <r(7ii) given + = ^np, 

namely 

(T(7i_,-7i,) = 2V(np) (7) 

Hence o-(o) = j cosec 27rp (8) 

This has a minimum for 'Irtp = 66° 47', namely 

or*(o) = 2 168/n (9) 

The convement value 2np = 60° gives 

<r*(o) = 2 193/71, (10) 

and therefore a negligible loss of accuracy 27rp = 90° gives 

or*(o) = 2 467/71, (11) 

so that proceeding nght up to the vanishing of cos 27rt gives an appreciable 
loss The standard error of a, as found from a complete Fourier analysis, 
would be given by 

(r*(o) = 2 00/71 (12) 

The effect of finding a by comparison of opposite ranges of 120° is therefore 
only to increase its standard error by about 6 % (Incidentally it eliminates 
all harmomcs whose arguments are multiples of two or three times that of 
the fundamental ) The respective efficiencies are 92 %, 91 %, 81 %, 100 % 
With the rule (10) the outside factor in a significance test would agam be 
^(4n/37r), if the occurrence of a cosine does not suggest the presence of the 
corresponding sine and require both to be tested together 

It appears therefore that if parameters are found by comparmg numbers 
of observations in ranges about the extreme values of the departure con- 
sidered, each extending 2/3 of the way to the nearest pomt of agreement, 
there will be httle loss of accuracy in oompanson with the best possible 
solution, and the significance tests will not be greatly altered The change. 
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such as it IS, will be represented by taking 2 n /3 for n m the sampling tests, 
while using the corrected standard errors 

4 — Departures from a non-uniform distribution Even if the suggested 
distribution is not uniform its determination is fundamentally a problem of 
samphng We could regard the observations as grouped by ranges of the 
argument and use their numbers to estimate the true chances of an obser- 
vation lymg in the respective ranges by the usual theory of sampling, the 
chances being taken as mitially unknown except for their sum bemg umty 
The pnor probabihty for this problem has been given (Jeffreys 1936, p 422) 
and leads to the maximum hkehhood solution Laws of error connecting 
the chances are essentially subsidiary to the main problem of estimating 
the chances To test whether a given law of chance, for instance the normal 
law, agrees with an observed distnbution, we cannot use the individual 
observations and apply the test, since this test apphed to mdividual 
observations will always appear to give agreement * The observations must 
be grouped in ranges before the test is apphed, and the grouping at once 
introduces the conditions appropnate to sampling The fact that a change 
of the parameters in a law will in general introduce changes m the chances 
for different ranges that are not in general connected hnearly imphes that 
when the law is taken as part of the data we no longer regard the chances 
as imtially unknown and unrelated, but when we wish to test divergences 
from a suggested law the problem of estimatmg the chances must be re- 
discussed as such 

If the suggested law is that the chance for a range dx is f(x) dx and we wish 
to discuss a modification {f(x)-i-ag{x)}dx (the mtegral of /(*) over the 
permitted range bemg umty and that of g(x) zero), the chance in any fimte 
range is Imear in the unknown a Since m samphng problems we take the 
pnor probability of a chance as uniformly distnbuted over the range per- 
mitted, that of a must be taken as umformly distnbuted The pomt is that 
if we were to use only one range to estimate a we should estimate the chance 
of an observation in this range by simple samphng, taking its prior prob- 
ability as uniformly distnbuted, and if f{x) and g{x) are given functions 
this imphes that uniform distnbution for the pnor probabihty of a is the 
only form consistent with the rules that we have adopted already, and 
special rules can be adopted only for special reasons The hmits permissible 

• If the grouping w so fine that not more than one observation can occur m any 
group, and the expectations in all groups, on the hypothesis to be tested, are equal, 
there may be m groups, n of which contain one obrorvation and the rest none, x* 
evaluated for this distribution will be w — n whether the suggested law is true or not 
Nobody would use x‘ for so fine a grouping 



Departures from suggested distributions of chance 316 

for a will then be given by the condition that f(x) + ag(x) cannot become 
negative in the range permitted for x, and the rest of the work proceeds as 
before Thus no new hypothems is needed 

Here also groupmg at wide mtervals may be convenient We can sub- 
divide the range and retain about two-thirds of the observations about the 
maxima of g{x ) , the numbers in the ranges retained where g{x) is positive 
and negative respectively can then be compared with the ratios predicted by 
the trial law f{x) A sigmficant departure will show that f(x) is not the best 
form attainable on the data, and it will be possible to assert at least that 
the correct law imphes modifications in the sense indicated by g{x) 


Summary 

A method is developed for testing whether a senes of observed frequencies 
supports a uniform distnbution of chance or a suggested departure from it, 
and is apphed to Imear departures A modification apphcable to grouped 
data 18 given, and a possible way of extending the method to test departures 
from suggested non-umform laws of chance is descnbed 
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New bands ending on the l^<r 2 /><r state of Hj 

By O W Richardson, FRS 
Yarrow Reaearch Professor of the Royal Society 

(Receive^ 8 December 1937 ) 

In a recent paper (Richardson 1937) I referred to the importance and 
interest of the state of Hj This is much deeper than any other state then 
known which goes down to the well-known odd state l«<r 2p£r on which 
the strongest hnes in the visible part of the Hj spectrum end In 1932 I 
decided that *X must have the configuration l8a2s(T^'Sig, a state which 
should give strong transitions down to ]»<r2p£r'S„ and which otherwise 
would unaccountably be missing 1 came to this conclusion in spite of some 
really qmte strong arguments against it, which had been put forward by 
Weizel (1930), who considered to be a state with two electrons excited, 
to which he assigned the configuration {2pcr)^'^hg An account of both 
these points of view may be found in my book (Richardson 1934, pp 307-12) 

As a matter of fact the first suggestion that ^X was lsa 2 s<r ^2 was first 
made tentatively by Dieke (1929), p 450, shortly after this state had been 
discovered It is very satisfactory to note that (Dieke 19360), by a com- 
parison of the spectra of Hg and Dj and by an extension of the spectrum 
further into the infra-red, using the recently developed photographic 
techmque in that region, he has been able to prove that ^X undoubtedly is 
l«tr 280 

The main reasons why this very natural configuration for ^X was not 
immediately acceptable were as follows In the first place until Dieke’s 
(19360) work was pubhshed the numbering of the vibrational levels was 
always doubtful In our account (Richardson and Davidson 1929, p 82) of 
the ^X -> 2p ^2 system which described the discovery of the ^X state we 
defimtely queried the tentative quantum numbering we assigned to aU the 
imtial vibrational (^X) levels I have contmued to query this numbering m 
every subsequent publication referring to the ^X state In fact, the first 
account of the “Infra-red System” (^X-> lao" 27)or ^ 2 ) (p 81 ) opens with the 
words “ It 18 probable that there is a great deal more of this system beyond 
the present hmit of the infra-red measurements ”, and then goes on to justify 
this statement This situation had at least two important effects It made it 
possible that the depth of the eleotromc level of ^X might be some thousands 
[ 8l« ] 
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of wave numbers below that which was regarded as probable The reper- 
cussion of this particular uncertainty on the question of the identity of 
with lacr2s(r^'E was not so very severe at that time, as the identity of the 
expenmental states which had been tentatively assigned to l«cr 3«<r and 
Iso 4so ‘S was also insecure The second effect was the more formidable, for 
it made the value of the moment of inertia of the state of Hj doubtful 
by possibly 30 % The value estimated with the tentative numbenng was 
qmte abnormal (too high) for l8o2ao^'E 
The next difficulty was that the l8o2so^JL state was expected to have a 
very regular structure, whereas the explored part of the ^X state was 
characterized by a structure of pronounced irregularity both rotational and 
vibrational There is no known cause of an irregularity of this type except 
a perturbation by some other state This led to another difficulty In mole- 
cular spectra, according to current theory, largely due to Kromg and now 
substantiated by a considerable body of experimental support, states 
capable of mutual perturbation are subject to a very considerable number of 
restrictions Among those important in the present case are (1) the energy 
levels of the states concerned must either approach close to or overlap one 
another, (2) the states must have values of the quantum number A differing 
by 0 or ±1, the same multiphcity, not very different values of the equili- 
bnum mtemuclear distance and the same type of symmetry, odd or even 
Now l«<r 2so must be an even singlet state, and if it is to be identified 
with ^X the state which jierturbe it must also be, among other things, an 
even singlet state with a not too different energy The difficulty now arises 
that ^X IS a deep-lymg state on the energy scale of states, and it is safe to 

say that there is no possible unknown normal singlet state of Hg, if ^X is 
l8o2ao which could he nearly so low as *X By normal I mean a state 
with only one of the two electrons in Hg excited 

States attnbuted to atoms with more than one excited electron are not 
common m spectroscopy A few have been found in atomic spectra, the 
best known examples ocoumng in the spectra of the alkaline earth metals, 
as, for example, calcium , while some of the corona lines have been attnbuted, 
but with how much certainty I am unable to judge, to transitions from doubly 
excited states of He In the case of molecular spectra the situation in this 
respect is not so clear, as the electromc configuration of so few excited states 
18 known with oertamty However, m the case of Hg there are many states 
which are qmte mcomprehensible if only one electron is excited (Rwhardson 
>934) PP 306-17, Richardson and Rymer 19340,6) 

The situation now is that we have to accept as a fact that, as a result of 
the work of Dieke (1936 a), the state formerly called >X or, alternatively, ’the 
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infra-red state, is actually lsa'2a(r^E^ To account for the irregulanties in 
the structure of ls<r 2s(r the existence of which is established beyond 
any possibihty of doubt, Dieke (1936 a) postulates the existence of an un- 
discovered state of H, lying m its neighbourhood and perturbing it If 
such a state exists and is able to perturb lea- 2s(r ^E^, even before we find it 
we have quite a lot of useful information about its properties In the first 
place it must be a state which lies low down on the energy scale of excited 
Hj states, probably in the neighbourhood of ls(r2scr^Ei, and Is£r2p7r^n„ 
To perturb l3(r2s(r^Eg, its quantum number A must be connected with 
that of lacr 2sar ^Eg by the relation A A = 0 or ± 1 Smce ^ = 0 for a L state, 
the postulated state must have /I = 0 or 1 It must therefore be either a E 
or a n state It must also have the same multiplicity and even or odd 
symmetry as latr 2s<r It is therefore either a or a ^11^ state It must 
also have a Bg and tg (equihbnum intemuclear distance) not very much 
different from the corresponding quantities for Isa 2aa ^Eg 

This information about the postulated states settles qmte a lot about the 
emission bands to which it can give nse In the H, spectrum the rule which 
prohibits transitions between states of different multiphoity is universally 
obeyed so far as can be discovered, so that, this being a singlet state, it 
cannot emit bands ending on any tnplet state In Hg the prohibition 
also IS always respected The state therefore oannot give nse to bands 
endmg on the ground state, 1« Is ^Eg, or the state, 1« 2s ^Eg, or any other 
even singlet state In fact there are only two states, l8a2pa^E„ and 
l8o-2p7r^n„, down to which it could have transitions, all the other odd 
smglet states lying well above it We have seen that there are reasons for 
expecting its electronic energy to be close to that of laa2p7r^U„, thus any 
transitions to this state would only involve small interchanges of energy 
and would not be expected to give nse to band hnes of frequencies as high 
as the photographic mfiti-red hmit lsa2pa^E^ hes nearly 9000 wave 
numbers below I8<r2p7r^n„, so that we have a reasonable expectation of 
bands ending on this state and with most of the intensity in the photo- 
graphic infra-red In fact the expected location is not far from that of the 
laa28a^E \8a2pa'^E^ bands, as the new state must be fairly near to 
l«er 2aa m order to perturb it 

Although there is no great amount of unallotted strength m the part of 
the Hg spectrum where this band system is expected, another set of circum- 
stances tended to make its discovery not too unpromising All the known 
states, and there are a large number of them, which have transitions down 
to laa 2pa give nse to band systems characterized by long progressions 
These are usually easier to detect than the band systems with practically 
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aU the strength along the diagonal axis which arise from transitions between 
states with values of r, nearly equal to each other It is fortunate, too, that 
the vibrational, as also the rotational, differences of the final state l«<r 2p<r ^ 
are known with great awsouracy over a wide range of quantum numbers If 
we can find lines forming long progressions extendmg over several vibra- 
tional quantum numbers and contmmng to satisfy the vibrational com- 
bination differences over a range of 4000 to 8000 wave numbers, that is to 
say 4 to 8 successive vibrational levels, with accuracy, we can be reasonably 
sure that we are deahng with a real band system and not with a succession of 
numencal oomcidences This will be true, as I shall explain later, even if there 
are considerable gaps m the lines of such progressions 

It was with this background and with a few other ideas less defimtely 
formulated that I set out to look for this band system early this year I had 
not much difficulty in obtaining evidence of its existence My chief trouble 
has been that I found more than I expected It appears that there are two 
nearly coincident band systems ending on U<r2‘p<T^'Zg m this region It is 
true that one of them is weaker than the other and might possibly be a 
collection of coincidences, but I doubt it Another possibihty is that there 
18 really only one system and that what I have found is a jumble of this 
with a collection of coincidences This can easily happen m the interpretation 
of a comphcated spectrum and has, in fact, already happened several times 
in connexion with the spectrum of H, The only way to make certain, that 
I know of, IS by a comparison with the spectra of Dj and of HD These are 
bemg measured, by others, but the results are not yet worked out and 
published Also this method might prove difficult, even possibly mdeoisive, 
BO I have resolved to set out what I have found and the best £ can make of 
It and to leave it to others to find out what, if anything, is wrong with it, 
if they can 

As most of the smtable Roman capitals have been used up as provisional 
designations of excited Hj states and it is undesirable to use any more or 
introduce a new system unless a large number of new states are found, an 
event which is quite hkely to happen, I propose to call the upper states 
provisionally (o) and (6) Whatever else they may be, and this is a 
difficult point I discuss at length at the end of the paper, they are both 
clearly states They have transitions down to lao 2pa giving nee 
to bands which have P, R but no Q hnes and also have P 1 hnes These facts 
are all that is required to estabhsh that they are *2^ states 

The band lines are set out m Tables I-VI In these tables the wave 
numbers of the band lines are followed by the expenmental eye estunates 
in brackets of the relative intensities of the hnes These are not very reliable 
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guides to the relative intensities except locally in small regions of the 
spectrum The most extensive and probably most reliable are those of Gale, 
Monk and Lee (1928) In general all these eye estimates are relatively far 
too high in the red, yellow, green regions compared with the real energy 
values This is not a matter of small differences The eye estimates may be 
out by a factor approaching 100, possibly more The ideas of different 
observers about the meamng to be attached to a given set of intensity 
numbers in a given region are not very accordant either All this is im- 
portant m connexion with the systems under consideration, which extend 
from the visible region to the present hmit of the photographic infra-red 
It 18 certain from the work of Davidson (1932, p 593) that hnes marked (1) 
by Gale, Monk and Lee ( 1928) near their infra-red hmit may be as intense as 
lines they mark (10) — their highest intensity indicator — m the part of the 
spectrum centred about the yellow (around 18,000 wave numbers or 6600 A) 
There is thus much more strength in the infra-red Imes of the present bands 
than the published eye estimates would appear to indicate 
The letters after the intensity numbers m brackets have the following 
meamngs The letter A stands for Alhbone ( 1 926 ) Preoedmg this and within 
the brackets a means a hne observed on plate A only and 6 a line observed 
on plate 5 only D refers to Deodhar( 1926) Both be and Tanaka (1925) use 
the letters p, q,r to mdicate three successively weaker categories of faint 
Imes all of which ate less mtense than Merton and Barratt’s (1922) lowest 
intensity (0) Di refers to Dieke (1936 a or 6) Most of these wave numbers 
are the result of a pnvate coramumcation and are prehminary values subject 
to revision and not yet pubhshed I have evidence, however, that those 
between 9750 and 8860 wave numbers are very accurate G refers to Gale, 
Monk and Lee (1928) Here a, b, c, d mean wave numbers ol hnes for which 
the measurements show an exceptional disagreement, m that order, a being 
closest to the normal error h means probably double Lmes with any of 
these letters after them are probably blends M refers to Merton and 
Barratt (1922) and T to Tanaka (1925) (see also Deodhar, above) In Merton 
and Barratt’s tables — means a hne found Only under exceptional cir- 
oumstances and thus difficult to assign an mtensity value to Tanaka also 
uses — to indicate a weak Ime whose intensity estimate he found baffling 
P stands for Poetker (1927) In his notation h means hazy, diffuse d, per- 
haps double 6, broeid v, shades towards violet, r, towards red * a hne for 
which the measurements show exceptional disagreement All such hnes 
are likely to be blends There is a systematic error in his measurements and 
the figures m the tables have had 0 30 wave number subtracted from his 
values m order to take most of this out 
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K refers to Kapuscmski and £3miers (1929) These are the only aoourate 
intensity data based on a true energy scale which are available The values 
are given as numbers, eg 7 6, not enclosed in brackets The data do not 
extend into the infra-red but some idea of the real intensities of the infra-red 
lines can be got from the published eye estimates of Gale, Monk and Lee 
(1928) and of Poetker (1927) by means of the relations given by Davidson 

{1932) 

The symbol f means claimed as a hne m another band, If means claimed 
as a doubtful hne in another band, f * f means claimed as an estabhshed hne 
m another band and also as a doubtful line in a third band, and so on 
? ?t means claimed as a very doubtful hne elsewhere 

If the bands are -> £„ bands, as we have been led to expect, there will 
be no Q branches on account of the selection rule d/iC = 0 or ±1 and the 
prohibition which rules out dA = 0 in this case There should, 
however, be P branches (JK = -(- 1) and R branches (dA = — 1) In any 
w* progression every P(K -f 1) hne and every It(K - 1 ) hne will start from the 
same imtial level, the level whose rotational energy would usually be 
represented by F'„(K) This means that in each such band the Ji(K-l)- 
P(K -t 1) wave number differences are equal to the double rotational differ- 
ences F“{K+l)- F“(K-l) of the final state lsfr2pcr*S„ at the corre- 
sponding v" and, at the same time, the differences of the A(A— 1) and 
P(K+ 1) hnes at successive values of v" are equal to the successive dv* 
differences of lao 2p<r at the same A-lorA-t-las the case may be 
Thus when the wave numbers of any R{K — 1) or P( A -f 1 ) Ime m a u’ pro- 
gression 18 known the wave number of every single one of the remaimng 
R{K-1) and P(A-f 1) hnes m the progression is fixed by the known 
rotational and vibrational intervals of Isar'Zpcr^Z^ As these differences are 
known with certainty and high accuracy from the work of Richardson and 
Davidson (1929) this restriction on the hnes is a very severe one It is 
unlikely that many cases will be found of hnes which satisfy it as a result of 
chance coincidences, at any rate for progressions extending to a considerable 
number of R{K - 1) or P{K -l- 1) hnes 

In order to set out in the tables the extent to which this requirement has 
been satisfied the following procedure has been adopted In each group of 
associated R{K - 1), P{K -f 1) hnes, in every progression, one hne has been 
chosen for which the measurement is thought to be about correct and under 
the wave number of that fine the letter O is placed Under eaiAi of the 
remaining associated R{K - I), P( A 1) hnes will be found a wave number 
preceded by the letter d (defect) Thus d -1- 0 08 means that the measured 
wave numW, of the hne, under which it is placed, is less by 0 08 (that is to 
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PI 

JtO 

P2 

PI 

F3 

P2 

P4 

P3 

P6 

P4 

P6 


Table I — ^2^ (a), *-*• ls<r 2ptr v" 


0 

11172 64<1)P 


9923 2 P 


11266 66(1) P 
O 


9939 9 P 
d -0 76 


11261 17(l)tP — 

d +0 18 

— 9694 93(00) Di 

O 


11264 0(0) G 


8672 29(l)tODi 
d -0 09 


11262 0(06)0 
d -0 14 


8697 49(1) Di 
O 


PI 

r PO 

P2 

rPl 

P3 

P2 

P4 

P3 

P6 

P4 

P6 


Table I {cont ) — *2^(6), z-*- l«<7 2pcriS„, v" 


0 


11471 26(0*) P 
d +0 22 


11488 41(1*6) P 
O 


2 

18806 67(0)t Di 
or (ca 8800 6) 
8872 09(00) Di 
d -0 46 
8766 18(00) Di 
O 

8891 66(2)tDi 
d +0 60 


11488 41(1*6) P — 

O 

11222 26(0) P T9023 2P 

d -0 68 d -1 21 

11471 26(0*) P — 


8898 48(0)t Di 
d +0 78 
8666 34(00) Di 
d +0 04 


11447 94(1*6) P 
d -0 17 


8609 81(0)tDi 
O 
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Table II — *Sj(o), *+ 1-^ l«<r2^<r*L„, v" 
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0 

1 

2 

PI 

13806 26(0) A 
d +0 43 

12189 27(1) P 

O 

10910 3(0) P 
d -0 87 

PO 

13671 0(0a)t G 

O 

12262 7(00) G 
d -0 04 

— 

P2 

13464 6(0) G 
d +0 26 

12141 86(l)tP 
d +0 46 

— 

fPl 

13682 6(l)ttG 

O 

— 

— 

P3 

13390 0(0)tG 
d +0 24 

712083 8(8)t G 
d -060 

— 

-P2 

13682 6(l)tt G 

O 

— 

— 

P4 

13316 7(la)t G 
d +0 16 

12016 6(00fi)?tG 
d - 0 32 

10749 8(0A) P 
d +0 79 

P3 

13673 4(l)ta 

0 

- 

— 

P6 

— 

11944 l(la) G 
d -0 33 

— 

P4 

13666 8(3)tG 
d -0 12 

12266 0(00) G 

O 

— 

P6 

13148 3(4)tG 
d -0 32 

11866 8(00)tG 
d +0 24 

— 


PI 

PO 

P2 

PI 

P3 

P2 

P4 

P3 

P6 

P4 

P6 


Table II {cont ) — (b), 2 + 1 Iser 2p(r *S„, v’ 

0 12 3 

13600 4(4)TtO 12284 00(0) P 11004 3(1A)P — 

d 0 00 O d -0 16 


13648 8(0)tTtG 
O 

13677 0(6)t a 
d -0 34 
13484 3(l)t a 
O 

1367<i6(2) a 
d +0 06 
13408 9(1) a 
d +0 01 
13669 6(l)ta 
d -0 20 


12236 21(0*) P 
d +0 04 


12177 32(1) P 
d +0 04 
-12363 l(0)tta 
O 

12109 4(1)0 
d -0 17 


12039 67(1) P 
O 


13663 3(0o)t Tt O 12363 16(2)Tt P 
d -0 10 d +0 36 

13266 6(2o)t G — 

O 


T 79720 3 P 

d -3 03 


11080 7(2A) P 
d -0 29 


11086 2(1 A) P — 

d +0 3 

10844 1 ( IM) P 9611 OO(OOd) Di 
d -0 46 d +0 03 


Vol CLXIV— A 
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Table III — ^2^ (a), x + 2^ lscr2pcr ^2„, v' 



0 

1 

2 

PI 

16723 84(0) O 

O 

14407 43(1) G 
d 000 

— 

PO 

r 16787 23(6)t Tf If O 
d +0 60 

14469 22(0) G 
d +0 17 

— 

P2 

16671 59(2)t O 

14369 08(2) G 

13082 4(1) G 


d -0 01 

d -0 06 

d +0 03 

PI 

16800 76(10)t Tt O 

14483 84(0) G 

13203 6(la)tQ 


d -0 61 

O 

d +0 40 

P3 

16607 91(0) G 

14300 97(1) O 

13029 29(1) A 


d -0 02 

d -0 02 

d -0 16 

P2 

16802 72(0a) G 
d +0 07 

14490 24(2) G 

O 

— 

P4 

166S6 11(2) a 
d -0 06 

14236 3(2«) G 
d +0 07 

— 

P3 

— 

14491 21(1) G 
<1 + 0 02 

— 

P6 

16460 01(0) M 

14168 84(1) A 

112911 0(00) G 


d -0 38 

d -0 32 

d -rO 60 

P4 

16787 23(5)t Tf »t 
d +0 06 

14488 24(00) Tf G 
d -0 03 

— 

PO 

? 15380 80(0) G 

14099 2(0) G 

12850 3S{lh) P 


d -0 61 

d +0 06 

d -0 46 

Table III (con< ) — *2^ 

, (a), x + 2-*-l8(r 2pcr ^2„, v" 

v' -* 

3 

4 

6 

PI 

11882 3(0) O 
d +0 04 

— 

— 

PO 

11941 2(lc) G 

O 

10728 0(0) P 
d +0 19 

— 

P2 

11840 l(2a) G 
d -0 06 

10631 4(0) P 
d -0 41 

— 

P 1 

11958 8(0) G 
d -0 06 

— 

— 

P3 

11791 0(0c) G 
d +0 02 

10686 4(0) P 
d +0 45 

— 

P2 

11971 3(00a) a 
d -0 04 

10762 9(1) P 
d -0 70 

— 

Pi 

11738 l(06)ta 
d +0 07 

— 

— 

Jti 

11981 3(0) Q 

O 

T 10777 3(0) P 
d -1 27 

— 

P6 

11084 03(0*) P 
d -0 02 

— 

— 

P4 

11990 01(1) P 

T10788 8(0) P 

9621 64(00) Di 


O 

d + 1 11 

d +0 24 

P6 

11631 94(1) P 

— 

— 


d -0 03 
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Table IV— % (a), x4-3->l«£r2pa-iS„, v' 



0 

1 

2 

3 

PI 

17846 77(3) G«8K 
0 

16530 23(6)t <3 
d +0 13 

- 

14006 4(2)t G 
d -0 13 

RO 

17002 12(0) G 

0 

— 


14065 6(3)t G 
d +001 

P2 

17785 83(5)t 0 
d +0 14 

-- 

- 

- 

R 1 

17006 43(2) G0 7K 
0 

— 

- 

14064 7(0)tG 
d +0 23 

P3 

— 

_ 

— 

— 

R2 

17003 73(0a) G 

0 

- 

16314 83(0oA) G 
d -0 25 

14072 2(l)??tO 
d 0 00 

P4 

— 

_ 

_ 

_ 

RJ 

17808 62(l)?tG 
d -0 05 

- 

- 

14081 8(l)tO 

0 

P6 

— 

16268 73(r) D 
d +0 20 

- 

— 

R4 

17889 06(0) 0 

0 

16680 34(0) (1 
d +0 04 

T16322 31 — M 
d +1 48 

X 

X 

P6 

17481 61(l)tG 
d -0 25 

— 

— 

13733 0(l)tO 
d +0 08 

J Linos absent m Oale, Monk and Loo’s tables but might bo part of an unrosolvod doublet 
Alli bone’s 

Table IV (cont )— (a), * + 3 ^ l«cr 2ptr v" 

v’-* 

4 

6 

6 

7 

PI 

— 

— 

— 

— 

RO 

*12843 07(0) P 
d -0 49 

- 

— 

— 

P2 

— 

11569 39(0) P 
d -0 34 



RJ 

— 

_ 

— 

— 

P 1 

— 

— 

— 

— 

R2 

- 

11687 09(0*A) P 
d -0 28 

— 

9430 78(00) Di 
d -001 

P4 

- 

11471 2(0c)G 
d -0 22 

— 

— 

R-i 

- 

11704 0(00)tG 
d +0 11 

— 


PH 

- 

1 1420 4(06) G 
d -0 45 

- 

t 

R4 

12891 33(2) P 
d -0 26 

11722 87(6) P 
d +0 18 

T? 10586 4(0) P 
d +1 6 


PO 

— T1 1390 08(0*) P 

d +0 75 

J: The mtervnl leading to these t' 

nro lines is unknown 

X 
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Table V — ^2^ (6), 2 + 2-> laor 2j)or 

v" 

v'-+ 

0 

1 

2 

PI 

16733 48(rd*) D 

0 

— 

13137 12(l)tP 
d +0 11 

RO 

16796 06(2}t G 

0 

— 

13196 2(l)tlt< 
d +0 03 

P2 

— 

— 

— 

PI 

P 16802 72(0o)ta 
d +0 34 

— 


P3 

16610 91(l)t JtG 
d -0 66 

— 

— 

P2 

-16802 72(Oa)tG 
d +0 07 

14490 24(2) G 

0 

— 

P4 

16636 11(2) G 
d -0 06 

14236 3(2a) G 
d +0 07 

— 

P3 

16794 26(la)G 

0 

— 

T13214 9(00) G 
d +060 

P5 

16466 31(pd)T 
d +0 30 

— 

T12907 21(1) P 
d -0 63 

P4 

16779 68(0) G 

0 

— 

13214 68(1) A 
d -0 17 

P6 16371 61(r(i)D 

d +0 36 

Alternative or additional 

114090 4(4)t 0 
d +0 63 


PI 

15821 82(1) G 
d +0 09 

— 

13226 6(0) G 
d +0 16 

P3 

16629 18(0) M 
d +0 38 

— 

13060 8(lo)TtG 
0 

Table V (coni ) — (6), 2 + 2-> 1«(t 2^)cr*2„, v" 

v"-* 

3 

4 

6 

PI 

11892 l(0a)G 
d -0 12 

— 

— 

PO 

11948 6(3)t TfG 
d -0 08 

TT 10733 2(0) P 
d +2 31 

— 

P2 

— 

— 

— 

PI 

- 

10749 8(0A) P 

0 

— 

P3 

— 

— 

— 

P2 

11971 3(00a)G 
d -0 04 

10762 9(1) P 
d -0 70 

— 

P4 

11738 l(06)tG 
d +0 07 

— 

— 

P3 

— 

— 

— 
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Table V—(cont ) 
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t.*- 3 4 

PS 11681 19(16A)P — 

d -060 

J14 T119813(0)G — 

d +060 

P6 — 10437 1(0) P 

d -0 16 


Alternative or additional 
fil — 

P3 T11812 24(1)P 

d +0 46 


6 


9613 06(0) Di 
(1 +0 02 


19588 2 P 
d +1 68 
9434 87(00) Di 
d -0 10 


say it has a defect of + 0 08) than that calculated from the wave number of 
the associated R{K — 1), P{K + 1) Une under which the letter 0 is placed, 
when the appropriate cascade of combination diflFerenc^s is used These 
statements about associated R{K—l), P(K+l) lines apply equally to 
progressions of P 1 lines, for which there are no R hnes with the same upper 
level, negative K values being inadmissible 

In interpreting these defects a good deal of discnmmation is necessary 
For pure lines of normal structure the defects should not be much in excess 
of ± 0 10 if the measurements are those ut Gale, Monk and Lee (1928) or 
of Dieke (19366) (provided these are for wave numbers higher than 8840) 
Even when blends are involved I doubt whether there is a single authenti- 
cated case in Gale, Monk and Lee’s tables with an error as high as 0 40 wave 
number Errors approaching this are not very rare in the tables of Merton 
and Barratt (1922), AUibone (1926) and Poetker (1927) Most of them arise 
from infenor resolution Lines with errors approaching 2 00 wave numbers 
may mean something in the tables of Tanaka (1925) and Deodhar (1926) 
These were for the most part made on plates taken by Merton under some 
special conditions, not particularly suitable for measurement but which 
seem to have brought up a number of Unes not normally present Also in 
Poetker’s (1927) tables there are a number of lines with wave numbers 
below about 11,000 as to the accuracy of which there is no known satis- 
factory check Several of these he close to calculated values for band lines 
of the present systems Among them I have included a number with errors 
so large that they would be discarded if they occurred m the part of the 
tables with wave numbers above 11,000 

Each system appears to be represented by four imtial (upper) vibrational 
levels As the correct vibrational numbenng is not certain I have called 
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p\ 

RO 

P2 

R\ 

P3 

R2 

Pi 

R3 

P5 

Ri 

PO 


PI 

PO 

P2 


Table VI — (6), z + 3 -► latr 2p(T v" 


0 

1 

2 

— 

16474 52(0) G 

16196 00(00)ta 


d +0 10 

d -0 22 

17860 87(7) G 23 6K 16632 87(0a)tt GT 

15261 67(4;t) G' 

O 

d -0 36 

d -1 52 

17734 63(00) G 

116420 14(rd) D 

— 

d +0 09 

d +2 03 


17866 86(0)tO 

16619 82(00) G 

15260 8I(r) T 


d +0 34 

d -0 03 

d -0 85 


17663 20(0) G 

16366 44(0A)t G 

— 


d +0 68 

d +0 46 



.17860 87(7) G 23 6K ’16638 98(2)t G 

16260 81(r) T 


d - 0 33 

d -0 99 

d +0 69 

17683 80(0) G 

16283 83(2)t G 

_ 

O 

d +0 39 


17837 20(3)tG 

16630 23(6)tG 

— 

O 

d +0 12 


17498 66(2) to 

— 

_ 

d 0 00 



— 

116622 24(rci)D 

115263 67(4A) C 

1- 


d -1 70 

d + 1 38 

17412 62(la) G 

16132 09(6)tG 

14881 60(2)t A 

O 

d -0 49 

d +0 66 

Table VI {cont ) — ‘E^(6), z + 

3->- l6cr2pcr^'L^ 

4 

6 

6 

12790 63(Od,6) P 

_ 

10464 6( Ih) P 

d +0 80 


d -0 72 


Rl 12801 72(lfe r) P 
d +1 22 


R2 12809 9(la)fta — 

d +0 06 

Pi 112680 8(16)TtG — 

d -0 88 

P3 12816 06(0*) P — 

d -0 80 

P6 — T11367 l(la)tG 

d +0 62 

Ri 12822 4(0)ta — 

d -0 10 

PO — — 


3 

13040 63(1) A 
O 


14014 7(1) G 
O 


'13787 17(6) A 
d -1 16 


113724 74(1) A 
d -101 
14022 33(06) A 
d +0 01 
13661 3(0a)tTtG 
d +0 94 


9348 80(1 )t Di 
d -0 42 
T9262 8l(00d) Di 
d -104 


19123 14(00(i) Dj 
d +061 


9070 66(0) Di 
d -0 07 
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these provisionally t;' = a:, x+l,a; + 2 and x + 3 in succession for (o) and 
v'=«z, 2 ! + 1,« + 2, 2 + 3in succession for (6) In each case I think there is 
httle doubt that the successive v’s increase by unity I also think it probable 
that X and z are each zero 

It will be noticed that eight successive vibrational levels of the final state 
l«cr2p(r'S„ are represented by something in the progressions that come 
from the c' = x + 3 and v' = 2 + 3 levels The two progressions each extend 
from the yellow to the present photographic infra red limit at about 8600 
>eave numbers These are long progressions even when comiiared with the 
progressions ending on la<r2p<r*Z„ which contain the most intense lines 
known in the Hj spectrum (there may possibly be more intense lines in the 
Lyman region, but the energy of these has not been measured) It is possible, 
even likely, that there is more of both systems further out in the infra-red 
It 18 unlikely to be a coincidence that each of the eight progressions ter- 
minates at the present infra-red limit If we denote by rJJ, the highest value 
of V* to which transitions have been found, the lines of the bands winch go 
down to + 1 would, in each case, he just beyond the jiresent photographic 
infra-red limit 

This puts a restnction on what can be asserted with confidence about the 
distribution of intensity m the bands, but that it is not a normal one is 
qmte certain In the bands coming from typical states, such as Iscr idrr 
down to \a(T 2pcr ^2,^, the mtensity distribution is of the usual Condon type 
for states having widely different values of and These have a minimum 
along the bands on or near the diagonal axis of the w', v” diagram and maxima 
lymg on a parabola which is syrametncal about this diagonal axis Now if 
we turn to Table IV we find eight hnes m the band ending on r" = 0, three 
in the band ending on i>" = 1 , at most two at v“ = 2, at least six at v" = 3, 
at most two at v" = 4, about six at u' = 5, a very doubtful one at u” = 6 
and at least one that looks good at v* = 7 Thus in this progression there are 
at least three and possibly four values of v" for which the mtensity has a 
maximum and at least two and possibly three mtervonmg values for which it 
has a mimmum Turning to Table I in *\(6), 2 ->- la(r2pcr^I.^, v" there is 
something to indicate that six hnes are represented in the band at v" = 0, 
there is only one hne at t>" = 1, and that very doubtful, whereas there are 
about six lines at c* = 2 The intensity distribution in '£,( 0 ), z-^v’ also 
appears to be similar to that m (6), z-^v" If these were normal w' = 0 
progressions the mtensity of the bands should fall steadily from v* = 0 to 
v* = 2 The same kmd of behaviour is shown also by the other progressions, 
but owmg to the occurrence of blends and probably also perturbations it is 
not so distmot 
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Intensity distnbutions of this t3rpe are no new phenomenon in the H, 
spectrum Turning to Richardson (1934), on p 141 we have a picture of a 
normal intensity distribution, that for la<r 3s(r -► Ucr 2p(r m fig 10, 
and on p 137, m fig 9, one of a distribution, for -> Istr 2ptr much 
resembling those of the systems I am describing On pp 126-32 will be 
found the Imes of five systems which have intensity distributions of this 
type, some of them being among the strongest systems m the H* spectrum 
I believe these systems come from upper states which hav e both electrons 
excited, and I regard this similanty as support for attnbuting a condition 
of double excitation to the upper states of the present systems I have shown 
already that there are no known rational grounds for beheving that an 
undiscovered state with a singly excited electron could exist anywhere near 
where these states he 

Theoretically, when the intensities of the lines are reduced by the a pnon 
probability quantum number K factor and the Boltzmann factor the Imes 
with even K" should be three times as intense as those with odd K’ Actually 
this means that the lines with even K" should have roughly three times the 
intensity of the average of the jSl'- 1 and K" + 1 lines of the same band if 
K" IS small When allowance is made for blends it can be seen from the 
tables that this condition is satisfied, although, owing to the various blends 
and perturbations and the difficulty of assessing and correlating the eye 
estimates of intensity, particularly when made by different observers, the 
agreement can only be regarded as quahtative for these band systems There 
are only three lines m the whole of the two systems for which the real m- 
tensities have been measured The line 17860 87(7) G 23 6K which does 
duty as i? 0 and iZ 2 of (6) z + 3 -»■ lair 2pcf *£„, u' = 0 is one of the two or 
three strongest bnes of the H, spectrum hitherto unclassified, whose real 
intensities have been measured by Kapuscinski and Eymers (1929) 

I have left 111 the tables a number of lines for which the combinational 
errors are so large that it is not very probable that these hnes are really lines 
of the bands I have done this dehberately, with a view to saving time and 
trouble for those who are in a position to compare the spectrum of H, with 
those of Dj and HD They should have little difficulty in deciding, in most 
cases, which, if any, of these doubtful lines are genuine band hnes 

Pnor to the recent work of Dieke only mne hnes with wave numbers less 
than 9760 were known These were measured by Poetker (1927) Dieke’s 
{19366) extension of the photographic infra-red limit to 8600 wave numbers 
has raised the number of lines beyond 9760 from 9 to 114 Out of these 
114 hnes, 39 are claimed by the systems 1 «<t 3p<r -> l««r 2«tr *2^ and 
l«cr2«(r‘Sj,-> l«(r 2pcr^S„ and 21 by the bands of the two systems here 
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descnbed Among these 60 Imes, 6 are claimed twice and several are very 
doubtful In any event almost half the new hnes are accounted for by four 
systems whose existence was established without knowledge of any of them 
The r' =a *+ 1 progression of ^Sp(o) is not so well authenticated as most 
of them In fact it is not easy to be sure of this one as there are alternatives 
for most of the sets of hnes attributed to it in Table II These are P I Imes 
v" = 0, 13496 56(16) A ab G, O, v" * 1, 12179 3(00o)*t G, d -0 16, v" = 2, 

10899 0(0) P, d +0 30 iiO hnes v" = 0, 13666 8(3)t G, d -0 09, v' = 3, 

9709 18(00) Di, O P2 hnes v* = 0, 13439 6(00)t G, d +0 06, v" =■ 2, 

110861 7(0A) P, d - 1 29 R2 hnes v" = 0, 13568 4(0a)t G, O, v" = 1, 

122660(00)G,d -0 16 P4hne8 absent JtSlmes r* = 0, 13671 0(0o)tG, 
O POhnes = 1, 11941 2(lc) G, 11941 67(2A) P, d ofmean-0016 iJ4 
lines v’ = 0, 13661 8(2) G, O P6 hnes v' = 2, *10623 1(1) P, d +0 74 
If any of these sets of hnes are substituted for those in Table II there would 
appear to be a perturbation at the v' = x + 1 level 


Rotational structure 

The rotational structure, or ensemble of rotational quantum level energy 
differences, of the lower state ls<r 2par is well known and probably with 
more accuracy than that of any other state of any molecule, so that we do 
not need to descnbe it The level differences for the up^ier states can be got 
from the relations 

F'{K) - F'(K - 1) = P(K + 1 ) - P(K) + F"{K + 1) - F’(K} 

= R(K-l)-R{K-2) + F''(K-l)~F''(K-2) 

The mean values of these intervals F'{K)- F'{K — 1) got from the appro- 
pnate hnes of the vanous bands and the accurately known lower intervals 
F’{K+ l)-P’(A') give the structures of the upper states of the systems 
shown in Table VII 

The PI, P3 hnes which give the more regular structure for ^2„(6) at 
y' = 3 + 2 are not very securely established There are only three hnes, all 
of wluch appear to be blends, and the combinations are ixior Also even 
with these hnes the structure is irregular If the alternative P 1, P3 hnes 
at the bottom of Table V are substituted, the very irregular alternative 
structure shown at the bottom of Table VII is obtamed It is possible that 
the level is spht and that both sets of hnes belong to the bands In any event 
there seems to be a perturbation here 
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K 

]■ 

6o 


0» 


TABiiB VII — Rotational STBrcruBU of ^2^ (o) 

X *+l x + 2 a: + 3 


150 58 184 08 

-► 32 69 -► 28 22 

117 89 106 86 

► 34 98 — - — ► 28 66 

82 91 77 30 

-► 30 04 -► 26 85 

62 87 60 46 

► 22 72 > 23 80 

30 15 26 66 


141 42 142 26 

-► 31 00 -► 32 30 

110 42 109 96 

— - — ► 30 61 — — ► 34 74 

79 81 74 61 

-► 28 37 -> 31 34 

61 44 43 27 

► 26 35 ► 27 11 

26 09 16 16 


Rotational stboctube of ^2^ (6) 

v'-> s z+l * + 2 * + 3 

K 

^ 

128 1 146 41 117 11 134 61 

4« -> 30 2 ► 36 62 -► 30 69 ->33 11 

97 9 108 93 106 62 101 48 

3a ► 20 6 ► 32 71 ► 29 49 ► 30 17 

77 3 76 2 77 03 71 31 

28 ->214 - -> 26 5 •> 30 17 -> 27 47 

65 9 60 7 46 86 43 84 

la ► 25 0? — > 25 02 ► 24 14 ► 22 94 

?30 9 26 68 22 72 20 90 

08 

Alternative in 2 2 

60 

137 11 

48 -> 30 59 

106 62 

3a ► 45 34 

61 18 

28 -> -1 63 

62 71 

la ► 39 99 

22 72 

08 

Apart from a few such irregularities, mainly due to perturbations, and 
to which I shall return in the next section, the rotational structure of all the 
bands is similar The second differences (shown in Table VII) which measure 
the effective value of the quantity are smallest at = 0 and increase 
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at first and have a tendency to dimmish or, at any rate, to become steady at 
the highest K value found (K = 5) This is an mdication of uncouphng, and 
the uncoupled state has a smaller mternuelear distance than the coupled 
state Phenomena of this kind are common in states which go down to 
latr 2per As I have remarked, the rotational structures of the two upper 
states I am now descnbmg are much ahke When compared with the others 
they show most resemblance to 3 ^K, ^L, and ^N, the resemblance to 
being particularly close Each of these four states has been assigned to 
some state m which both electrons are excited, the main ground for this 
conclusion being that there does not seem to be any possible molecular 
state with only one electron excited to which they could be attributed These 
resemblances are additional reasons for supposing that the two new upper 
states are also states with two excited electrons 
On account of the irregularities in the structure of the bands it is not pos- 
sible to give exact values of the rotational constants If these irregularities 
are all due to vibrational perturbations the approximate effeetne values 
are for *2^(0), Bj. = oa 15 I wave numbers and about I 5 x 10-* cm , 
for = ca 13 6 wave numbers and r. about 1 x 10~® cm If, as 

IS not unlikely, there is also some rotational uncouphng, the values of 
and for K small would be somewhat less and those for K large somewhat 
higher than these values The other values are roughly Bj.^^ = 13 7j, 
5,^3 = 14 2, 5^+3 = 13 45, 5,^1 = 14 Ij, B,^i = 13 6 and B,^^ = 12 % 
The values of the “constant” a in =• Bg-na. are for 2 (a), a = about 
0 Sj, and for 2 (b) probably a little smaller 


Pbetubbations 

Some of these have been referred to already Returning to the u' = z -f 2 
level of ^2(, (b) this may have a structure even more perturbed than that 
mdicated at the bottom of Table VII Refemng to Tables III and V we find 
that the A' = 3 level (R2, P4 Imes) is identical with the K' = Z level of 
(a) eitv' = x + 2 The distribution of intensity m this progression makes it 
certam that it belongs to ^2p(o), whether it also belongs to the other state 
18 not at all certam An argument in favour of retainmg it m both systems 
IS that there are two lines in it marked a wluch are not claimed ekewhere 
On the other hand it is qmte possible that this level in the ^2^ (b) system is 
displaced and quite weak, and thus difficult to find This might make the 
rotational structure very irregular 

That this 2^ (b) levri is perturbed is not surprising, because these two 
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states ^'Zg{a) and ^£^(6) cross one another within the v' •= «+ 2 levels for 
(a) and the v' = * + 2 interval for ^'Zg (6) The actual point at which the 
two perturbed levels cross is very close to /f' = 3 in each case Owing to 
some complications, which mclude the possible rotational uncoupling, I 
have not been able to decide exactly where the unperturbed levels cross 
There is some evidence of the mutual miluence of this perturbation on the 
state (a), but it is not very marked This state ^Zg {a) appears to be more 
stable than the other There is other evidence which supports this con- 
tention 

Another level which has an irregular rotational structure pomting to a 
perturbation is (6) at w' = z When the spacmg of the rotational levels 
here is compared with a more normal structure spread over the same total 
energy mterval it is found that the A" = 0, 1 and 2 levels lie above the normal 
values and the A' = 3, 4 and 6 levels below them The perturbing level 
therefore appears to he between K' = 2 and A' = 3 of v' = z of this state 
There can be httle doubt that the perturbing state is Iscr 2a<r ^Zg, smce the 
rotational energy levels of the i>' = 1 level of Ua 2scr ^Zg cross the rotational 
levels of '^Zg (6) at d' = z The perturbed levels of the two states cross one 
another between A' = 2 and A' = 3 It is very probable that the un- 
perturbed levels also cross between A' = 2 and A' = 3, as the perturbation 
IS small compared to the level spacing Dieke (1936a) remarks that there is 
a perturbation in l8<r2a<r^Zg at v' = 1 for small A Possibly this is the 
counterpart of the one I have been describing The v' = z level of Z (a), 
though rather close to v' = z of £ (6), hes wholly below v' = 1 of 2« ^£ , so 
that no corresponding perturbation should arise and none is observed 

We have seen (p 331) that the »/ = a;-)- 1 progression of ^£p (a) is very 
probably affected by a perturbation The state causmg this perturbation is 
also most hkely to be laa 2aar ^£p The v' -*■ 0' hnes of ^£g (o) -> Iso- 2so- ^£„ 
at r' = a: he below the v'-^-O* hnes of l«o'2so-^£^->- l80-2po-^£„ at r' = 1 at 
low values of A, whereas, the reverse is the case when we compare the 
correspondmg lines of the successive pairs (x -1- 1 )' -> 0", 2' ->■ 0' + 2)' ->• 0", 
3'->0' (x-|-3)'->-0*, 4'^0' Thus the two states ^£p(a) and la(r2s(r^Zg 
cross between v' = x and v' — x+ 1 for the first and between w' = 1 and 
v' = 2 for the second They should also recross within the hmits of the 
(x -I- 1 )' -> 0' and the 2' -> 0* bands for rather high values of A', in the 
neighbourhood of A' = 6, but hnes with values of A' as high as this are 
unknown Evidently the conditions for a perturbation to occur m this 
neighbourhood are satisfied 

If, as appears to be the case, all three mutually perturbing levels are £ 
levels, the perturbations must all be due to interaction between eleotromc 
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and vibrational energy according to a cntenon mentioned by Dieke (19360) , 
ainoe they all have the same value of A, namely zero 

1 do not wish to insist too much on these attempts to explain the observed 
irregularities The results do not appear to harmonize completely in all 
details with the properties of the state perturbing lacr 2str ‘2^, which were 
predicted by Dieke ( 1936 o) from his study of the perturbations of Iscr 28cr ^2^ 
However, there are so many possible causes of perturbation that the effects 
are rather likely to be mixed up and difficult to disentangle It does not 
seem worth while to push further in this direction until someone haw 
exammed the corresponding band systems of HD and Dj 


The vibrational structure of the upper states 

The vibrational intervals have been obtained by subtracting pairs of 
corresponding hnes of successive progressions, such as R(K) of (« + 3)'->v* 
and R{K) of (x + 2y-*-v'', v" — 0, I, 2, etc Since P{K + 2) hnes give the 


Table VIII— Vibrational intervals op ^2^ (o) 


(x+l)-x 


Jjt)' (K = 0) 

AfV' {K = Q) 

Jit)' (K=l)fromi?0 
Jjt)' (X = l)fromP2 
Jjt)' (/C = 1) mean 
J,v' (K=l) mean 
Jiv' (K = 2)fromPl 
J,«' (K: = 2)fromP3 
Jiv' (K = 2) mean 
J,t)' (K = 2) mean 
J,t)' (K = Z){TomR2 
Jit)'{if = 3)fromP4 
Jiw' (if = 3) mean 
J,t)' {K = 3) moan 
Jjt)' (if = 4) from P 3 
J^v' (K = 4) from P 6 
Jjt)' (P = 4) mean 
J,t)' (if = 4) moan 
Ji «' (if = 6) from R 4 
Jiv' (if = 6) from P 6 
J,t)' (if = B) mean 
J,v' (if = 6) mean 


2332 9 

2329 48 
2329 34 
2329 42 

2327 0 
2327 0 
2327 0 

2321 2 
2321 4 
2321 3 

2309 4 


114 6 


112 78 


109 4, 


101 1 , 


2309 6 

2292 9, 
2292 8, 
2292 9 


84 7 


«07 


(» + 2)- 
(*+l) 

2218 40 

2216 62 
2216 74 

2216 64 

2217 67 
2217 63 
2217 60 

2220 18 
2220 13 
2220 16 


96 2 


102 18 


111 40 


119 04 


2224 7, 
2224 9, 
2224 8 

2232 14 
2232 2, 
2232 17 


124 3, 


131 02 


(x + 3)- 
(» + 2) 
2122 98 

2114 60 
2114 42 
2114 46 

2106 19 
2106 22 
2106 20 

2101 12 
2101 12 
2101 12 

2100 60 
2100 29 

2100 46 

2101 16 
2101 14 
2101 16 
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same values as B(K) Imes a considerable number of independent deter- 
minations can usually be made in this way The values for (a) are set 
out m Table VIII In this table the values got from the R bnes and the P 
Imes are given separately as well as the weighted means, so as to give some 
idea of the consistency of the different determinations The values for (6) 
are given m Table IX The alternatives in this table arise from the alterna- 
tive K' = 2 bnes given at the bottom of Table V I believe that the claims 
of these lines to belong to the bands are stronger than those in the body of 
the table, which give a more regular structure Even if the lines which give 
this more regular structure are adopteil it will be seen from Table IX that 
there are some indications of a perturbation at or near K’ = 2, v' = z + 2 of 
Table IX — Vibrational intervals ok ‘2^(6) 

(* + 2)- (z + 3)- 

.U'-* <*+l)-2 (2+1) (2+2) 

J,v'(A' = 0) moan 12198 «3 2133 06 2057 62 

/l,«'(/f = 0)mean 104 67 76 54 

,dit!'(iC=l)mean 2193 64 2130 10 2066 

J,«'(A:=l)moan 63 64 70 „ 

,di»'(«'=2)mean 2188 1, 2126 07 2063 17 

J,«'(if = 2)mean 62 2, 72 90 

J,t)'(K = 3)mean 2187 3 2127 16 2048 16 

<d,o'(K = J) mean 60 1, 79 00 

^iD'(«'=4)mean 2198 20 2124 62 2043 34 

4,1)' (K = 4) mean 73 68 81 28 

zl,v'(K: = 6)mean 2216 32 2116 5, 2040 61 

^4,v'(/f = 6)mean 98 8, 76 0„ 

Alternative K = 2 

JiV'(K = 2)mo8n 2188 32 2144 84 2034 07 

^l,v'(K = 2)mean 43 48 110 77 

Arranged as Table IV of Richardson (1937, p 500) these would be 
K-* 0 1 2 3 4 6 

Moan (* + l)-*, R, P 12198 63 2193 64 2188 3, 2187 3 2198 20 2216 32 

d 4 99 6 32 1 02 -10 9 -17 2 

Moan{* + 2)-(«+l), P, P 213306 2130 10 212807 2127 16 212462 2166 6 

d 2 96 4 03 -1 09 2 44 8 12 

Mean (t + 3)-(* + 2), P, P 2067 62 2066 01 2063 17 2048 16 2043 34 2040 61 

A 1 61 2 84 6 01 4 82 2 83 

With alternatives corresponding to the alternative at P = 2 
Mean (t + 2)-(t+l), P, P 2133 06 2130 10 2144 84 2127 16 2124 62 2116 6 

A 2 96 - 14 74 27 68 2 44 2 83 

Mean (* + 3) - (t + 2), P, P 2067 62 2066 01 2034 07 2046 1 8 2043 34 2040 6 1 

A 1 61 21 92 -12 11 2 44 2 83 



New hands ending on the laaipo'^’L^ state of Hj 337 


(6), although it u very mild compared with the one obtained if the hneb 
which I regard as more probable are adopted 

That the detailed structure of (o) is highly irregular, or, at any rate, 
unusual, becomes evident if we arrange the vibrational differences of this 
state in the same manner as those of ^E^ (6) at the bottom of Table IX This 
IS done in Table X 

Table X— Vibrational intervals of 'Ep(a) 

K-* 0 1 2 3 4 6 

Mean(x+l)-(a:), P 2332 9 2329 42 2327 0 2321 3 2309 6 2292 9 

A 3 48 2 42 5 7 11 8 16 6 

Meaii(x + 2)-(»-+l), P, P 2218 40 221064 2217 60 2220 16 2224 8 2232 17 

A 1 76 -0 96 -2 56 -4 64 -7 9 

Mean(x+3)-(x+2), P, P 212298 211446 2106 20 2101 12 2100 16 2101 16 

A 8 62 8 26 6 08 0 67 -0 70 

On account of these comphcations it is not possible to assign exact values 
to the vibrational constants of either of these two ^E, states For ^Sp(a) 
the effective values appear to be close to = 2391 j and xwj = 69 g For 
^E, (6) they are m the neighbourhood of Wg = 2233 and xwg = 36 

The ei*eotronic energy of the upper states 

The Fg of the V = a; level of ^E^(o) is close to 23L64, and the Pg of the 
V = 2 level of ^Ej (6) is close to 22917, wave numbers below the ground state 
of the molecular ion H2+ If x and 2 are each equal to zero then these I'g’s 
are the p^’s of the respective states and *E, (a) bes about 2189 wave numbers 
above Iscr 2s(T which hes about 25343 wave numbers below the ground 
state of Hg+ Thus ^E^ (a) has a denominator (2 in = jRii/2*, = Rydberg 
constant for H) of about 2 lOg The corresponding quantities for ^E^ (6) are 
2426 wave numbers and 2 163 The wave numbers are more accurate than 
these denomnators, which have been got from them with a slide rule It is 
likely that x and z are both zero, but it is not certain, as any progressions 
starting further down in the infra-red would be difficult to estabhsh owing 
to the paucity of measured fines 

The probable configuration of the upper states 

If these band systems are genuine there is only one possible or, jt any rate, 
reasonable mterpretation of the general character of their upper states It 
IS that they are states with both the electrons in H, excited There are many 
reasons for thinking this, but there is among them one which to my mind 
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would carry conviction if it stood alone The only states of H, with only one 
electron excited with its pnncipal quantum number n less than 6 which can 
go down to lacr 2p<r are, on account of various prohibitions all of which 
hold good in the H| spectrum, the following l«(r2«tr*Lj, 

lacrSdcr^Xg, lacrSdnUl^, laa-3dS^/}^, Istr 4d(r Iscr 4dn 
la(T4dd^/i„^ All these are well known and their structure has been analysed 
Istr 2«cr has a Rydberg denommator close to 2, all the states with n = 3 
(for the excited electron) have denominators close to 3 and all those with 
n = 4 have denommators close to 4 In addition there are several known 
states with n == 6 and all of them have denominators close to 6 If there were 
one state, much less two, with one electron only excited, and to n = 6 and 
having a denommator close to 2, it would be something in the nature of 
a mu-acle 

In any event there are several other weighty arguments which point m 
the same direction Every band system, ending on Istr 2p(T and coming 
from an upper state with only one electron excited, which is extensive 
enough for the intensity distribution among its constituent bands to be 
ascertained, has a comparatively simple type of intensity distribution In 
a r', v* diagram the bands of maximum mtensity he on or close to a single 
Condon parabola This parabola is almost symmetrical about the Ime 
joimng the bands of mimmum intensity which is roughly coincident with 
the diagonal axis As I have shown (p 329), the distnbution m the present 
system is much more complex and has a close resemblance to the intensity 
distributions in the systems ending on la<r2p(r^l,„ which come from the 
upper states 3 *K, *L, *M, and ^Q, and including also the system called 
the A4142 8 progression I have attributed the upper states of all these 
systems to states with both electrons excited on vanous grounds, the 
strongest bemg that there seems to be no other rational way of accounting 
for them 

Again, the rotational structures of the two upper ^2^ states are pecuhar 
and similar to one another and they are also very hke the unusual structures 
of the states 3 >K, *L, and 'N These unusual but similar rotational 
structures suggest that all these six >2^ states have some unusual features 
in common I suggest that this common feature is that they all have both 
electrons excited 

Agam, the whole of the argument put forward by Weizel (1930) m order 
to identify the state with the doubly excited state 2p<r 2pcr ^2^ can be 
used equally well to identify either of the two new upper states with 
2p<T2p(T^'Lg The essential result of that argument was that 2p(r2pa'^'Lg 
should be a ^2^ state m the same neighbourhood as (now identified with 
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l«r2*or»S^) As both the two new upper states are states and are very 
close to ^X, the argument will apply to either of them In my book (Richard- 
son 1934, p 309) I cntioized Weizel’s argument not on the ground that it 
was wrong in principle but that it was directed towards a wrong objective 
The situation was rather complex, but on the whole I thought the arguments 
in favour of being latr 2s<r definitely outweighed those in favour of 
its bemg a doubly excited state, and this view has turned out to be correct 
There is not a great deal that we can say about doubly excited molecular 
states from the theoretical point of view The energies and structures of 
none of them have been calculated But we can say something The states 
we are concerned with are all singlet states so, not to take up too much space, 
I shall confine my remarks to them According to Pauh’s exclusion principle, 
which applies to all the part of the spectrum which is understood, two 
of the eight quantum numbers (», i. A, «) (n, I, A, a) which define the state of 
the two electrons must be different In the singlets the spin quantum 
numbers have different values + ^ and — { The remaming quantum num- 
bers n, I, A can therefore be the same for each electron In the triplets the 
spm wave functions are symmetric, so that at least one of the other three 
pairs, n, n, I, I or A, A, must be different This makes the number of possible 
doubly excited states greater in the singlets than in the triplets 

The deepest states, such as 2p(r 2pw *11^, of a set which differs only in the 
principal quantum number of one of the excited states, will be the first term 
of a potential Rydberg series, such as 2pcr 2^71*11^, 2p(r Spn *n^, 2p(r 4pn ^11^, 
2p(rnpn ^11^, , which will temunate at w = 00 with an excited state of 

the ion Hj+, in this case the state 2po-*L„ Teller (1930) has worked out the 
energies of the deeper excited states of the ion as a function of the inter- 
nuclear distance It is clear either from Weizel’s argument or from my 
modification of it (Richardson 1934) that Toller’s energy curve for the ion 
2^0" would admit of 2pcr2p(r^'Lg being in the neighbourhood of either 
^2^ (a) and ‘2^ (6) or of 3 However, it is not enough to find a plausible 
theoretical explanation of only one doubly excited state in this neighbour- 
hood. I consider it certam that the states *2„ (o) and ^2„ (6) cannot be states 
with only one electron excited No satisfactory explanation on this basis 
18 known of any of the ‘2^ states 3 ^K, *L, ^M, ‘N, 4 *K, of the ^11^ state *Q 
or the upper state of the A4143 progression This list of probable doubly 
excited states may possibly be reduced ultimately by three I think it 
possible, though not hkely , that ^2^ (o) and ^2^ (6) together are actually one 
genuine state + a collection of comoidenoes I regard it as certain that 
(a) + ^2j (b) contain at least one real state, but beyond that one cannot 
go at present with complete confidence The states 4 and the upper states 
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of the A4143 progression ought possibly be fragments of some singly excited 
states having unusual properties, though I think this very unlikely with 
regard to the last one I regard any further reductions than these as 
extremely unlikely 

We are thus left with rune states which go down to ls<r 2ptr and which 
probably have both electrons excited In six of them the double excitation 
must be regarded as practically certain, in two others as highly probable 
and the last (4 ^K) as rather doubtful All of these have their (electronic 
levels) m the gap which extends from about 7000 to 23,000 cm roughly 
1 to 3 V, below the ground level of the ion Hj+ Even if we are not able to 
assign definite configurations to this collection of states with any certainty, 
it IS legitimate to consider whether their existence is compatible with what 
18 otherwise known about Hj and what, if any, restnctions it would imply 
With this object I have compiled, in Table XI, a list of potential Rydberg 
senes of doubly excited states whose earlier members will possibly, in some 
cases we can say will probably, he rather deep, based on Teller’s computa- 
tions of the energies of the vanous excited states of the H 2 + ion This table 
18 based on the assumption that the couphng between the orbital and spm 
wave functions is negligible, this is very small for molecules with only one 
electron excited 


Tablf XI 

2p<r 1p<r‘S,, 

* 11 ,, 


2p(T 2p(r*ii,, 

2pa2pn ‘11,, 
2p(r 2pn *11,, 
2p7T 2pv *1,, 
2pv 2pm '■A,, 

2p<T2a(T *£„, 
28(r2pa *1,,, 
2»(T 2 »(t *£,, 


2 pir 3p(7 *n,, 

2pn Zpn *£,, 
2pjj' apff *^,, 

2p<7 3acr *S,, 
2«<r 3po'*S,, 
2s(T 3«or *£,, 
2p(r 3<i(r *S,, 


2p<r4p(r*2„ 

2p(r4p>r*n„ 
2 pn 4p(r *n,, 

2pn Apn *£,, 
2pn Apn ^A,, 
2p<rAacr *£„, 
2»(r 4p<r 'L, 
2»(r 4«(r > S„ 
2pcr4rf(r *£„, 


2p(r*S,-|-e 
2po-‘L,-t-e 
2pn ‘n. + e 
2pn *11, 4- e 
2pn *ll„-l-e 
2p(7-«£, + e 
2s<t «l, + e 
2«(r «2, + e 
2p<r>£„ + e 


The ionic states 2pcr and 2«tr are unstable, so that m senes of the 
types which end up with these 10 ns when » = 00 the mtemuclear distance 
should tend to 00 as ra increases The lomc state 2pTr is only just stable, 
having a very weak minimum m its energy va mtemuclear distance curve 
at about r, = 4 A This is more than twice as great as r, for any known Hj 
state, so that its eflFect is hkely to be much the same as r„ = 00 so far as the 
first two or three states of a given senes is concerned 
In attempting to fit the mne states into the array in Table XI we note 
first that none of them can be any of the odd, suflBx u, states, since transitions 
from these to the odd Isc 2p(r state are prohibited Two allocations seem 
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to be immediately mdioated Among the nine experimental states there is 
only one *11^ state and one ^Ag state It seems obvious to assign *Q, the one 

state, to 2p<r2pn^llg, the deepest state, and the upper state of the 
A4143 progression, which can be either a ^Ag state, a ^g state or a ^Pg state, 
to the deepest ^Ag state 2pn 2^^ ^Ag This also seems to be right for another 
reason On Weizel’s argument the deepest state would be 2p(T 2p<x and 
would he somewhere near the position of ^E„(a) or If we identify 

(а) + (6) with 2p<T2p(T^'Lg we expect the next state above this to 

be 2p(r2pn^Ylg, and actually is the deepest of the states above ‘2j(a) 
and (6) This has brought us to our first difficulty, because ^'Lg (o) and 

(б) appear to be two distinct states, whereas the scheme only provides 

one 2p<r 2p(T ^E^ state This difficulty can be avoided by assummg, what is 
not impossible, that ^Ej(o) and *Ej,(6) are not two distinct states but a 
jumble of one real state with an assortment of coincidences The properties 
and constants of ^hg (a) and ‘E^ (b) are all very much ahke, and if they are 
a jumble the constants of the real state will be close to the average On this 
basis they are effective quantum number, or denominator, 2 !!w 2 18g, 
vibration difference Wq — x(Og «« 2265 cm internuclear distance 1 66 A 

The next member of the series 2p<r 3po-^E„ would be hkely to have z about 
1 higher, Wq - xwq lower and higher Both ‘M and *L satisfy these require- 
ments, as may be seen from Table XII, where the more important relevant 
constants of the nine experimental states and the three theoretical ions 
which terminate the various senes in Table XI are given, oig and xwg are 
not given separately since, for several states, only the combination - xwq 
IS known Some of the values in the table can only be determined rather 
roughly, but they are probably good enough for this discussion On this 
scheme it would be natural to choose ‘L for 2pa- 3p(T m preference to 

^M, as its constants are tending more rapidly towards the ion 2p(r*E„ 
which IS the end of the senes than those of ^M, and as otherwise there is not 
much to choose between them 3 might quite well be 2p7T 2p7T *E^ and 
^N, 2pn 3pn *E^, these two are almost certain to be either the lowest states 
of two separate series or the two lowest states of a single senes, as they give 
the strongest transitions down to l«<7-2j«r^S„ of any of the rune expen- 
mental states This leaves 'M and 4 ^K, which might qmte well bo 2a<r 2s(r 
and 2a(r 3a(r ^E^, (or 2«<r 3dar ^E^) respectively 

I admit that all this is rather guessing, but I think it is something to know 
to what extent the nine experimental states can be fitted into such a 
theoretical framework qualitatively without too great a probable stram 
on the unknown quantitative restrictions The question cannot be settled 
definitely until the wave fimctions of these doubly excited states are worked 
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out That 18 a task for which I am not well fitted and it appears that no one 
18 much attracted by it What we can say is that all but one of the nine 
expenmental states can be fitted quahtatively mto this theoretical scheme 
without being quantitatively very improbable All we have to sacnfioe is 
the position that each of the two states (a) and (6) is a distmct and 
separate state and, as we have seen, it is not certain that they are Even 
this sacrifice would not be necessary if one of the theoretical ^2^ states 
should prove to lie unexpectedly deep, as there are lune members m the list 
of theoretical states which are expected to he rather low as well as m the 
list of expenmental states 

There is one aspect of this problem that deserves further consideration 
If we take ^2^ (a) and ^2^ (6) at their face value as distinct states and con- 
sider the SIX i2g states, 12^ (a), *2„ (6), 3 *K, >L, and ^N, they all show a 
good deal of resemblance to one another and have charactenstics which 
mark them off as a group from other ^2 states But there is something about 
them which is even more remarkable Out of the six states, four occur in 
two pairs the members of each of which are almost identical These are 
^2j (a) and ^2, (b) on the one hand and and on the other ^2^ (a) and 
^2p (6) have practically the same electromc energies, their VgS only differmg 
by about 227 cm The other constants are very much the same in each 
molecule The small, or at any rate not large, differences in the vibrational 
and rotational constants are such as would be expected for molecules which 
have an almost identical structure apart from a small but defimte difference 
in the equilibrium internuclear distance Statements nearly the same as 
these can be made about the pair and The only outstanding differ- 
ence between them and the pair *2^ (o) + ^2^ (6) is that, corresponding to 
the different v^’a, their Rydberg denominators dijffer by 0 94 That they are 
states with a very close similarity is shown also by their values for the 
Mecke ratio -Sq/Wq, or rather a;^,), which is the nearest we can get 

to it, in the absence of knowledge of the small fraction x for all of them 
More than forty singly excited states of H, are known and for each of them this 
ratio 18 not far from the average value 0 013 For the four states now bemg 
considered its range is 0 0066-0 0066 This suggests that the kind of binding 
18 the same m all four states and much stronger than m the singly excited 
Hj molecules All these facts point to the view that these four states are 
rather wide doublets forming two successive members of a Rydberg senes 
This position IS also supported by the fact that the doublet separation 
d,,, 18 greater, at about 227 cm for the lower member ^2^ (a) -t- ^2^ (6) 
than it 18 , at about 136, for the higher member 

It IS possible that such doublets could arise if there were strong mter- 
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coupling between orbital and spin angular momenta m these doubly excited 
states I do not profess to understand why this should be so but, after all, 
these states, and a few other states of H, about which we are not so well 
informed, are the only doubly excited molecular states known and there 
IS no very definite theory about them, so that almost anythmg may be 
expected For example, m the theoretical state we have designated as 
2pn 2p7r the real quantum numbers, if separable, are 0, 0, ±1, + J The 
orbital angular momentum and spin can be combined to give the resultants 
either 5 or ^ This is a doublet with components and 'Sj Why these 
states should he so deep and why the doublets are so widely separated are 
both mystenous, but I think it would be at least as mysterious if the facts 
1 have recited were all a coincidence On this view could be 2pn 2p<T ^11^ 
and the upper state of the A4143 progression 2pn2pTt^/ig, each, as before 
*Sj(o) and '£^(6) would be 2pn2pn^1i^ and 2p7T2^7riE,, whilst ‘L and 
would be 2pTt^p‘n^W^ and 2p^lZpf^^\[^ As a general rule the levels with 
j = \ should he higher than those with j = J, but in this case I am mchned 
to associate (a) with ‘M and (6) with (o) and are the stronger 

components of the doublets, and the rotational and vibrational constants 
all run more like consecutive members of senes with this arrangement It 
IS likely that one of the doublets is mverted as the result of a perturbation 
We have seen that *£p(o) and are both perturbed The rotational 

structure of 'M (Richardson and Davidson 1929, p 62) looks as if this 
state were perturbed, and unless Richardson and Davidson’s (1929, p 57) 
interpretation of is altogether wrong *L must be strongly perturbed as 
the r' = 1 level of ->■ Iso- 2pcr ^Z^ has never yet been found 

This arrangement makes 2pn 2pv ^Zj | the deepest of the doubly excited 
states of Hj and ^Q, which is the next deepest state, has been identified 
with 2p<T 2pn This makes it reasonable to expect 3 ^K, the next deepest 

state to these, to be 2pcr2p(r^'Lg, an identification I proposed in 1932 
(Richardson 1934) This leaves us with only and 4 may very well 

prove to be 2so'2so-^Zg and 4^K, 2p<r3pa’^'Lg Each of these has a closer 
affimty to a normal Z state than the others and, on this view, this might be 
expected 

I have now described two possible alternative configurations for the 
mne abnormal states which go down to ls(r2pcr^E„ The first of these is 
probably more in accordance with current theoretical ideas, but I think 
the second is a better description of the experimental facts, certainly if 
both the new states ^Z^ (a) and (6) are genuine 

Except m Hj no states with more than one electron excited have been 
recognized, but I know of no reason why they should not exist in other 
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molecules I should, m fact, not be surprised if they turned out ultimately 
to be of not uncommon occurrence 

Summary 

This paper describes two new band systems which go down to Iscr 2p<r 
the state on which the strongest hitherto known systems in the visible end 
The systems extend from the yellow to the photographic infra-red limit 
(11760 A) and probably beyond The upper states are both ^2^ states They 
are very close to one another and appear to be perturbing each other as well 
as the state lacr 2s(r ^2^,, which is in the same neighbourhood Their rotational 
structure resembles closely that of the “abnormal” '2^ states 3 ^K, ^L, 
and Reasons are given which make it impossible to regard either of the 
two new states as states with only one electron excited Two alternative 
methods of classifying the two new states and the seven other abnormal 
states which have transitions to l«(r2p<r^2„ and umting them into a con- 
sistent scheme as states with both electrons excited are put forward and 
their ments discussed 
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The two-dimensional hydrodynamical theory 
of moving aerofoils — II 

By Rosa M Morris, B So 
Research Student, University College, Cardiff 

{Communicated by L N Q Filon, FR S — Received 2 November 1937) 

1 — ^Introduction 

1 1 — In the first paper of this senes (referred to subsequently as “I”) 
I developed in some detail the complete solution of the hydrodynamical 
problem of the motion of an mcompressible homogeneous inviscid liqmd 
when a cylinder with a general aerofoil cross-section is moving in any 
manner perpendicular to its axis As was mentioned in that paper, the dis- 
cussion there suffers from two well-known defects In the first place it fails 
generally when there is a sharp edge to the moving cyhnder — or a smgulanty 
on the boundary ourve— because the velocity of the liquid, as defined by 
the potential function, becomes infinite at such an edge This difficulty is 
usually surmounted by a proper choice of the circulation, but in the case of 
the moving cylinder this artifice is unavailing by itself as it only gives one 
condition, when the complete vanishmg of the velocity at the trailing edge 
involves two In any oewe, however, the existence of finite circulation 
creates difficulties of its own — the energy involved in such curculations is 
infinite — so that still further complication of the mathematical problem 
seems required In practice it is known that the hqmd motion is more 
complicated than that represented in the simpler problem, as it is always 
accompanied by the development, at such a sharp edge, and particularly 
in unsteady motion, of a region of turbulent motion in the fluid which trails 
behind in the wake of the cyhnder To deal with this wake and its effects 
mathematically we must, of course, make certain simplifymg assumptions 
The simplest picture is that used by Wagner ( 1925 ), who imagmed the wake 
to be a simjile surface of discontinmty (vortex sheet) trading behind in the 
hquid Of course, in a perfect fluid such a sheet could not arise, but never- 
theless, by assuming its existence, it is possible without any close inquiry 
into its structure to calculate its effect on the forces acting on the cyhnder 
This 18 , in effect, what Wagner did, but under conditions which imply that 
his results are only approximately true when the cylinder is a flat plate 
with very small motion (without rotation) 

[ 346 ] 
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The mam objects of the present paper are, first, to show that the general 
theory of the first paper can be extended to mclude the effects of such 
surfaces of discontmuity and, second, to discuss the beanng of the general 
results obtained m the particular problems discussed by Wagner, and others 
m extension of his work , and thereby to test the vahdity of the formulae 
now used m practice, the vanous terms m which have been obtamed by 
diverse devices, all indirect and often involving contradictory physical 
assumptions and approximations 

1 2 — To obtam a complete companson with the known theoretical results 
we have included here also an analysis, on the lines of the previous paper, of 
the more usual and familiar statical problem, that is, the case where the 
cyhnder is at rest m a uniform stream In order to facihtate the discussion 
of the traihng wake problem, we have also solved as a preliminary step the 
simple case of the motion outside the cylinder at rest, which arises from the 
presence in the fluid of a smgle-lme vortex parallel to its generators It may 
not be useless to emphasize the directness of the solutions obtainable by the 
new method of approach Whereas, m the past, practically all results m this 
theory have been obtained by indirect methods involving at times a con- 
fusing mixture of mathematics and physics, the new method makes a direct 
division between the two stages of any problem of this character, the first, 
the analytical or geometncal problem of the transformation of the cyhnder 
cross-section on to a circle, which m the present discussion is assumed 
accomplished, and the second, the purely physical problem when this 
cyhnder is the boundary 

Full references to the existing work m this subject are given in detail in 
the second volume of Aerodynamic Theory by Durand ( 1935 ), and our own 
references are mainly to the various sections in that book which deal with the 
specific problems we have under review 


2 — The genebal aeroeoil in a ttnifobm stream 

2 1 — The aerofoil is considered as existing in a umform stream in which the 
undisturbed velocity components, referred to any rectangular axes, are 
U, F In addition we shall consider the effects of a circulation of mtensity K 
round the cyhnder 

Usmg the notation of “I”, the undisturbed potential is 
Do = Wz, 

W^U-^iV and IF = f7-tF 


where 



348 


Rosa M. Moms 


The general transformation for the aerofoil being 

we have Gq in terms of f as follows 

n-O 

When the cyhnder is introduced into the stream the new potential 
function must be such that it reduces to its origmal form at infinity, ^ = +00, 
and must also be purely real on the surface of the cylinder, ^ = 0, which is 
the stream line ^ = 0 
Now iig contains two types of terms 

FiiO = W'c I „cu.-ixt 

and Fj{^) = Wcaof-’^, 

which are distinguished by their behaviour at inftmty is such that it 
tends to zero at infimty and has a conjugate which diverges there, whilst 
Fi(^) diverges at infimty and has a conjugate which tends to zero there To 
form a new potential function Q from Qo, which is purely real when 7 = 0, 
we might simply add the conjugate of all the terms m Qq, but the additional 
terms must reduce to zero at inhmty, where the presence of the cyhnder is 
unnoticed If we add, however, the conjugate of Fi(^) we are addmg terms 
which diverge at infinity, so we must adopt the alternative and remove 
Fii^) altogether, and add the conjugate of F^iQ We write therefore 

iJ = iJo-F.iO + FS) 

= ircaoC“'t+ Wcd^e^'>, 

which 18 a potential function satisfying all the conditions of the problem 
It may be of some interest to notice that it only contains the first two coeffi- 
cients in the expansion of 2, so that in effect it is practically the same for 
all types of cylinder 

2 2 — With a circulation K round the aerofoil we then have 
Q = ITcUoC'f-^, 
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and now we can calculate the components X, Y of the force on the aerofoil 
by means of the usual contour integral formulae 


where 

and 






I dzIdC 


^ = -tWcaoe-^ + t Weaken 


/^\-i 


Mo \ 




The change ot sign in converting the integral from the z to the ^-plane 
arises from the fact that the convention we have adopted that i; = + oo 
corresponds to z = + oo makes the direc tion of the circulation in the two 
planes opposite to one another This acc ounts also for the unusual sign in 
the term in if * 

Piekmg out the constant term in the product of (dQJdQ^ and (dz/d^)"^, 
which is the only term which contnbutes anything in the integral, we derive 
for the complex force 

Y+iX^-pKW, 


the familiar Kutta-Joukowski formula 
The couple is similarly the real part of 




dzT 




dz/df’ 


and in the same way this proves to be the real part of 

— PKWm^ - 2 nptc*W*aoa 2 + 2npic^W WagOo 


The first and last terms are of course purely imaginary and oontnbute 
nothmg to the couple 


3 — The line vortex outside the cylinder 

3 1 — Let us now consider the motion in the hquid surrounding the 
cyhnder when a line vortex is situated outside the cylinder, say at the point 
z„ thus generalizmg some results obtamed by Bickley ( 1929 ) for the simple 
case of a circular cylinder 

* The necessity for this change of sign was pointed out*to me by Profeasor Filon 
it also affecta the work of “I", where, in fact, the results all appear with the 
wrong sign 
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The undisturbed velocity potential of the Stream due to the hue vortex 
of strength m passmg through the point z, is 

Sio = ~ (tml2n) log{z - z,) 

The cylinder being defined as before by the transformation 
z = c 2 1? = 0, 

the undisturbed potential in terms of ^ will be 
Qo = -{xmj2n)lQgc{(aae-*<^+ai + a2e^^+ )-(aoe-*f* + Oi + Oje<f*+ )}, 

where is the point in the ^-plane corresponding to z. This can 

be written in the form 

Qq = const - {tm/2n) log { 1 - - (ml2n) log F{0, 

where F(^) is a polynomial m exp(i^) whose conjugate diverges at infinity 
Prooeedmg along the lines sketched above we find the new potential 
function when the oyhnder is placed m the stream to be simply 

= const - j 

The force and couple on the cyhnder depend on the value of dSijd^, 
which m this case is found to be 

otT smhi;, “I 

2n\_ co8h7,-co8(^-Qj 


3 2 — The components X, Y of the force on the cylinder are again given by 




dd dzjdr 


so that we want the value of 




smh "] 

■coBh^-^(^^,)J 


* 

dzld^ 


This mtegral can be completed in a simple contour mtegral m the f-plane, 
round the rectangular contour with sides | = 0, ^ = 0,^=*2?r, 7 = 00 the 
integrand has the same value at two corresponding pomts irj and 27r + ii;, 
so that the integrals along ^ = 0 and g =» 27r cancel out The behaviour at 
infimty is also obviously regular, so that the value of the integral is obtained 
directly from the residues at the poles contamed in the contour But the 



The two~d%menato7tal hydrodynamuMl theory 361 

only pc4e msule u at ^ and thus we have to evaluate the residue there 
Writing ^ = Cl + <> where t is small, we have approximately 

whilst smce {dzjd^) = 2^+2! t, 

we have (dzjd^)-^ ^ “ 2 * ^) ’ ^ 

where dashes denote differentiation with respect to C, so that 
2' = ic 2 (»- l)a„e<" iXi, 


z" = —c^(n— 


To evaluate the residue of the mtegral we want simply the coefficient of 
in the product of the two expansions ( 1 ) and (u) and this is 


+ — t coth »-) 

2<.k I 

The components of the force are thus given by 

This result can be recast m a form which displays its full physical significance 
The actual velocity of the hquid in the neighbourhood of the vortex, 
excludmg the large motions due to the swirling of the vortex itself, is 



Thus the components of the force have the value 




The first or main part of the force represents the reaction between the stream 
of the vortex and the stream induced by the cyhnder, whilst the second is 
the purely mtnnsic term which is actually equal to the centrifugal force on 
the mass of hquid which occupies the space of the cyhnder in the free vortex 
stream 
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3 3 — In reality the vortex will move with the hquid m ite neighboorhood 
unless constrained somehow to remain at rest But, if the vortex moves, 
there are other terms in the pressure equation, and these contnbute to the 
expression for the components of the force a term 




dt^ dt) 


dz 


Now 


so that 




-log 




a< 3< 1^* I - 1 - cXC-C-') 


On the cyhnder the exjionentials are such that their moduli are less than 
unity, and we can expand the denominators, giving 


dt dt 






We also have ds = | - tc2(«- d^, 

so that the integration of the product round the contour of the cylinder — 
given by the constant term in the integrand alone — is simply 

- mp|^^gtcttoe'f* + ^, I - 1C ^(n - 1) a„ J 
= -mpK.icd„e<C--f,{»cd,c<f.+ fr.}] 


Thus in all 

1 +iX = 

3 4 — To hnd the steady motion terms in the couple on the cyhnder we 
again use the contour integral The couple is as we have seen, the real part of 

The mtegral being completed in the usual contour integral m the 
plane, the only pole is at ^ and we have again to evaluate the 
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residue there. Wnting ^ + ^ where t is small, the above integral is 

approximately 


Apart from the factor z, which is present we see that the only additional term 
introduced is imagmary and therefore does not aSect the value of the couple 
Our result therefore is that the couple is the real part of 

2.(r+»x), 

just as if the force is apphed from the position of the vortex In the above 
case the steady motion terms m the couple are therefore the real part of 


_ m^pz, I 

47rz'. 


rc-i) 


The acceleration terms due to the velocity of the vortex are the real 
part of 

, r /dfj SJ7\ - 

where f e-«-u + | 

ot ot n \ I 

The real part of the above will therefore be 

But with the notation of “I” we have, on the cylinder, 

= »| 2 . 

where K — ^ ®r+n®r' 

r-0 

so that the acceleration terms are simply 
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Taking only the real part, the couple is therefore 

{l +f )- I 

It IS easy to see that these results agree with those obtained by Bickley for 
the circular cylinder 


4— The tbaiuno wake problem 

4 1 — In this paragraph we shall give a general formulation of Wagner’s 
discussion of the effect of a surface of discontinuity (vortex sheet) on the 
motion of a general cyhnder 

We assume then that the cyhnder is moving with velocity components 
u, V and angular velocity (o, that there is a circulation K round it, and a trail 
of vortices forming a vortex sheet with a section along a curve s in the 
co-ordinate plane, from a point z = to another point z = Zy We shall 
assume that the strength of this sheet is «i, at the typical point, so that the 
element ds of the curve about that point is equivalent, in effect, to a hne 
vortex of strength m,ds Owing to the difficulty arising from the existence of 
a finite circulation extending to infimty, we shall assume that the total 
circulation associated with the sheet just balances the circulation round the 
cyhnder, or that 

X-l-J m,ds = 0 

The complete velocity potential of the fluid motion can of course be obtained 
by superposing the velocity potential of the vortex motion on that given m 
“I” for the remaining hquid motion it is therefore 




2n 


j;s-{ 


1 


da, 


where is the velocity potential, obtained m “I”, of the flmd motion due 
to the cyhnder alone, without circulation or vorticity and denotes the 
value of ^ at the typical point on the wake curve 
We must now choose the circulations m such a way that there is zero or 
fimte velocity of the liquid at the traihng edge mathematically this means 
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that dQjd^ must be zero at the same pomt of the boundary curve as 
dzjdl^ If this pomt is f this means that 



K /**■ m, j sinh 1 , 

2n J 27r I oosli - co8(f, - ^g)/ 


0 , 


or, using the condition of zero total circulation, 


dn^\ 


1 r»>| wigSinhiy, 1 

27r J g. j cosh i/g - co8(?, - ^g) ) 


ds 


This equation defines the dependence of the vorticity m the discontinuity 
surface on the motion of the cylmder it must, however, be emphasized that 
in reahty, hke every complex equation, it involves a double condition This 
point 18 important, as it shows that it is impossible to satisfy the condition 
of fimte velocity at a sharp trailing edge in general by assuming a simple 
circulation 


4 2 — To calculate the components X, Y of the forte on the cyhnder we use 
our previous formula for the pressure 


P 




and then y + tX=J pdz, 

and the couple about the origin, in the same way, is the real part of 


J pzdz 

As we have seen in “ 1 ”, when the conditions are steady, the contnbution 
of the flmd pressures to the components of the force is given by 


Y + lX — Ipj {w + lt 0 z){w — t<i)z)dz — lpj 




and the couple by the real part of 

^pj (w + iojz)(w — ia)z)zdz — ^pj ^w — wz — *^^ zdz 

But these two forms have to be generahzed when there are accelerations 
by the addition of terms in the accelerations and variations in the circula- 
tion, and the strengths and positions of the vortices The acceleration terms 
and that due to a rate of change of circulation are identical with those 
obtamed m “I”, so we have merely to evaluate now the forces due to the 


Vd CLXIV— y 
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vanation m the strengths and positions of the vortices, these all being 
Buperposable 


4 3 — Consider first a single vortex of strength at the point The 
extra acceleration terms in the integral for the components of the force 
will be 


, dQ^ ZQ ZQ 1, 


In our case this becomes, as before. 


pm,da f I e-*<t-W ^ c‘<C-£-> ] 

2jt j 0 1 - e-‘(£-W 1 - 


dz 


pirngda 

2n 


’/>{S 


We have seen in paragraph 3 3 that the first integral gives 
- pm, da[<^, tcao e ‘f* - tcd^ + 1,} ] 

In the second integral the exponentials are again such that their moduli 
are less than unity, on the cyhnder, and we can therefore expand the 
loganthm m the form 

n-l« 


Also, on the cyhnder, 

^ — »c T (n- 

di „-o 

so that the constant term in the product is 


-icja„c*C*+ 

or — i{Zg — cdj — cOqC*?* + caoc^^^'} 

The integral is therefore 

— pmgd8{z, — cOj — cOq®*^* + cOqC**^*} 

Thus, assummg a trail of vortices, the contribution to the components of 
the force due to the variations m the positions and strengths of the vortices 
will be 

-p\ + 

-pf m,[2,-cOi-caoe<£*+caje‘£*]d« 
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4 4 — We have now to calculate the steady motion terms These are, as 
we have seen, given by 

^pj {w + Koz){w — %(iJz)dz~lpj ^w — t(oz — 

, dSi dS}„ K f sinhiy, ) , 

df ~ dg 2 n J,. 27 r| co8h7g-cos(^-g,)) 

The terms ^pj (w + iwz) (w — i<oz) dz 

and — J/sJ — — 2 (w — *(y2)^~Jd2 

are calculated as m “ I ” and give the same results as there obtained, except 
that, as noticed before, the signs must be reversed The terms introduced 
by the circulation and wake are of two types There are first the two terms 


The first integral is easily evaluated, whilst in the second the two exponentials 
both have, on the cylmder, where ^ is real, a modulus less than umty, so 
that the quantity in square brackets can be expanded m senes Usmg also 
the form 

z = c{doe'f +di +dje-‘t + }, 

we see at once that the integral with respect to f in the second term is simply 
— 27n<uc(d,e*l^* + dj+aae-*t*+ )= -27ri(w(Zg — cdoe‘?»-cdi + cdoC‘f*), 
so that altogether this term contributes to the complex force 


pwK — ptcwKui + ptwj mjiz^ — ca,, e*?* — cwi + ca, e^^*) 

Fmally, there is the term 

keeping now all the terms in Q together for convenience This integral in 
“I” was assumed to vamsh Now however dQjdz has poles all along the 
wake, and at the zero of dz/d^ We have however so chosen the wake strength 
and the circulation that dQjd^ is zero when dz/df is zero, so that the latter 
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pole has been removed To caloolate the value of the integral we treat it 
again as a contour integral in the ^-plane — the contour being a rectangle 
with sides ^ = 0, i/ = 0,^ = Zn, 7) = oo — ^and then the value is equal to the 
sum of the residues at the contained poles, that is, along the trace in this 
plane of the wake curve To find the sum of the residues our simplest plan 
IS to surround the wake-curve trace by a double line along it, up on one 
side and down on the other, and in this way it is seen that the value of the 
integral is 



being the value on one side of the wake and ^he other side But 

on the wake 

^ dQ^ ^ dii^ 
ds ds *’ dn dn ’ 


so that 


ds 

dz dz ~ ^'dz 


The above integral is therefore simply ' 

, r*> (dQ^ diiA^ 

^ conjugate complex velocity of a particle of the wake 

curve, and this by our definition is also 


i^ — i(t)Z,+ w, 

so that the integral is p J m,{t, — iwz, -)- wi) ds 

This of course could have been written down from our result in paragraph 3 
for a single vortex The intrinsic terms are here neghgible, as they represent 
a sum of the type £d,{mgds)^ Thus the extra terms in the expression for 
the force due to the presence of the wake combined with the circulation are 


-pj Wj[2g-cai— ca„e'f'-l-caoe<£»]dtf, 

+ pwK — fnaoKd^ +pio)j m,[Zg — cage'?* — coj + ds, 

+ pj' m,{i,-t(M,+w)d8, 
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and remembenng that j 

these terms reduce to 


- pj -cOi- caf^e% + caoc’f'] ds, 

— picttoj* — ^,e*f*](i«+/OM(>cooJ wig{e’£* — e’^*) tfo 

Thus, finally, including the terms found in “I”, we have the complete 
expression for the components of the force on the cyhnder 

y + iJC = — ntp{Ad‘w — 2Bchu — ttJc^D] 

- np(i){Ac^ - 2Bcho - noc^D) - pAc[a^ + ^ a„} 

n **2 

—pj mg[2g — coj — cojC^^* + caoC*f»] ds 

-picd^j — mj^e^'^‘-e'^>)ds 

4 5 — The couple can be evaluated in the same way Tlie extra acceleration 
term duo to a single vortex at the point s, will be 

, c)S^^ Wy dQ ^ 1 

As before this becomes 

pmgdsC^”iy c-*<{-W A \ dz 

- VJ. ^ 

piwgdjf”, dz 


,r2n n_^-«E-t,n ^2 


For the couple we require the real part which k 
pm^ds . <>’« 




piTOgdaf**, (l-e-*<t-Wld(2z) , 


Now on the cyhnder 


= c» 2h„e»‘f+ . 
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r ^ ^ - C f + y 

1 _ c-‘<«~£-) 1 - e'(£-W ^-1 ^*„ri 

n-e-«£“£»)l “ 1 

and 1 ^ -{e"^£-'W 

The integrals will therefore be 

so that for a trail of vortices the couple due to the variations in the positions 
and strengths of the vortices is 

- ^fnc^j m,|f, y y ds, 

y {6„e«<f* + 5„c-"<5.}da 

4 6 — The steady motion terms in the couple are the real part of 

\pj (w + t(oz){iv—io}z)zdz — ^pj — twa — zdz, 

dQ dQ^ K r*‘m, 1 sinhi;, 1, 

^ d^~ d^ 2n Jz,27r| coshi/,— co8(^-q| 

The terms ipj (iii + t(oz) (w — km) zdz 


are calculated as m “ I ” The terms introduced by the circulation and wake 
are again of two types First we have 

r*^_ -TK C^m,ds( e-«C-t.) Y] 
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m this the terms m K are 

pcai wK — pic%oU)K 

Next there are the terms 

I e-«"C-W+ f j 

which are equal to 

- pwj m,{Zg — ca^e~>tii — m^ + caQ p-*?*} ds 

and then 

which 18 ptoK^j + 

The real parts of these are 

^pcK(aiW + diw)~ ^pic^(oK(bf^-l)Q), 

- ^pwj m,{z^ — cttg e“*C« — coj + ca^ c-’?'} ds, 

- ipwjm„{z, — p-age'f' - cdi + ds 

Fmally, there is - Ipj ^dz, 

»h.ch ! p|‘ 

and as in the previous case of the force this is 

pj mg{ig—t<i»Zg + w)Zgd8, 


the real part of which is 
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Thus the extra terms m the expression for the couple due to the presence of 
the wake combmed with the circulation are 

- 2 ds + \pcK{ai‘w + a^w) 

— Ipwj mg(2, — caoe~’C* — cOi + caje“*f«)(i« 

-^pwj m,(2, — capC^C* — cai + cOoe‘f«)ds 

+ Jpj ^ 

Thus finally, including the terms found m “I”, we have for the couple the 
expression 

— vpCc^u) — ^npch{Dw — Dw] — \nptc^ww{A -A) 

- (^r + 5,) - m, I ^ {6„e"*c. + 5„ ds 

+ npic^{Bw^ - + Dv)) 

+ (2»2,) - n6„e"'t« - ds 

+ hpcagwj + ^pcoo^'j 

These formulae are all quite general Beyond the underlying fundamental 
hydrodynamical assumptions and those relating to the shape and con- 
stitution of the wake, no restrictions have been imposed m the denvation 
Tliey therefore represent the forces and couples on the general cylinder 
under a generahty of conditions which seems the utmost attainable in this 
theory all that therefore remains is their interpretation 


5 — The thin aerofoils with thickness and camber 

6 1 — The general formulae we have now obtained are rather too complex 
to convey directly any idea of their physical significance To examme their 
bearmg on the practical problems of aerodynamics it is necessary to con- 
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aider their form m certain special cases approximating more or less to those 
realized in practice Of course, as the fundamental hydrodynamical assump- 
tions represent an ideal theoretical hmit never really attained in practical 
problems, we can only expect our formulae to give, in general, rough 
estimates indicating the order of magnitude of the effects and their general 
tendency, so there is httle except academic interest in developing them 
beyond a mere first approximation 

As the possibihty of obtaimng direct solutions has in the past been very 
hmited, the discussions of the general effects we have now under mvestigation 
have been made mainly under the assumption that the aerofoil is a flat 
plate This, of course, is a first approximation to the practical shape, but 
it 18 one that, in reality, fails to account for the detailed charactenstics of 
the air flow with which we are now more chrectly concerned These charac- 
teristics are rather the result of two further properties of the aerofoil — 
its blunt fore-end and accompanying thickness, and its camber — and it is 
necessary therefore in a complete theory to take these into account Various 
attempts have been made in the past to obtain estimates of the influence 
of these factors on the behaviour of the aerofoil, but the indirect and rather 
piecemeal method of procedure adopted is, as we shall see by comparison 
with results obtained by our direct method, not entirely free from criticism 

In the next section of this paper it is proposed therefore to obtain and 
discuss the first approximation to the previous general results when they 
are apphed to a nearly flat plate, but with a small fore-end thickness and 
camber The two effects will be dealt with separately , the effect of thickness 
in a symmetrical aerofoil, and the effect of camber in a thin aerofoil m the 
shape of a circular arc of small angle The main (long axis) of the section of 
the aerofoil cyhnder will be assumed in both tases to be the axis of x in the 
co-ordinates on the cross-section piano, so that the thickness and camber 
are both represented by small variations in the y co-ordinates of the 
section curve 

The previous necessity for deriving results indirectly from the statical 
case has restricted the denvation of formulae for any but approximately 
rectilinear motions of the aerofoil, and in a direction to which it can be only 
shghtly inclined While our discussion is not so far restricted in this way, the 
detailed examination of the effect of the trailing wake becomes very difficult 
in any other case We shall therefore follow the usual practice and assume 
for the moment that the aerofoil is movmg with a fimte velocity V in the 
direction inchned to the axis of j; at a small (variable) angle of attack a 
We a,lBo assume that the aerofoil has a transveise velocity U over and above 
this mam forward velocity, and also an angular velocity w( = it), but that 
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these are so small that we can neglect their squares and products Thus m 
our final formulae we shall write 

M=Fco8a, «=Fsina-t7, o) = & 

Under these circumstances we know from expenence that the trading wake 
18 very approximately straight back along the path of the traihng edge, 
and as the effect of the wake is of the order of the angle of attack a, the shght 
inclination of this wake hne to the axis of x in our co-ordinate system can 
also be neglected 

6 2 — Ijet us take first the case of the symmetrical aerofoil This is a siiecial 
case of the thin aerofoil discussed in “ I ” and is defined by the transformation 

z = c 2 

n-O 

where O0=l-l-e, Oj = e, ®3 = “6> 

and e is real and so small that we can neglect its square With these values 

for the o’s wo have to a first approximation 

6o = 2, 6i = e, fc, = 1, 6, = -€, 6„ = 0(w>3), 
and also A = 2, B = I, C = 2, D = 0 

Our assumptions about the trading wake mean that it leaves the traihng 
edge at the point ^ = n and that it hes along the hne ^ — n Actual distances 
— from the origin — along this hne can be mterpreted in terms of j/g by the 
formula = n + 

- z„ = a = 2c cosh + 2c€ sinh rfg( 1 + cosh if, — sinh jf,) 

The components of the force on the oyhnder duo to the fluid pressures in 
this case are therefore given by 

Y + tJ[ = — 47Tpc^v + Anpc^iwv — fipc{2 — e) 

—p\ m,{a — ce — 2c( 1-1- e) sinh 

f** f** 

-2pc(l-fe)l OTg^gC08hi7,(isH-2/!Hwc(l -f e) TO,8inhi7,(ia 

To a first approximation, since m, itself is small, we can neglect in the 
integrals the thickness of the aerofoil, that is, we assume, with Wagner, that 
the aerofod is a flat plate, we have then m this term 


« = 2ccpsh^„ Zq =» 2c, 
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80 that Y + iX = - inpc^v + inpe^iojv — Jt/9c(2 - 6) 

-p{ — 

Jic 

— 2 pc I mJ% cosh Tj, + 1(0 smh tj,} da 

Jlc 

The couple is similarly 

- 2npc*(o — 4n pc^uv — Xpc^ 

—p{ — c® — — 4c*)}ds 

J 2o 

+pc^\ m 7 j,co&\i 2 Ti^d 8 — 2 pcu\ nigSinhijgda, 

J 2c J2a 

where we have again neglected e in the integrals 

Of course the total circulation determined by the constant K is small of 
the same order as the total wake strength which it balances, so that the 
terra itpce in the expression for the force is also negligible Thus our first 
conclusion is that to a first approximation a (symmetrical) small thickness 
has no effect whatever on either the force or couple exerted on the cyhnder 

5 3 — Before discussing the other terms let us now obtain the corresponding 
results relating to the aerofoil with small camber and no thickness The 
aerofoil in the shape of a circular arc of small camber proportional to e is 
defined by the transformation (Durand 1935, p 299) 

3 

z = c 2 ®n «"**■> 


where ao-^< Uj = te, «2=1, — a„ = 0(»>3) 

and, to a first approximation, 

bQ = 2 , bi = -te, 62=1, 6g = — le, 6„ = 0(n>3) 
and A = 2 , B = 1 , 0 = 2 , D = — lie, 

but a distinction here anses in that the wake does not leave the cyhnder 
at the point ^< = 71 but rather at the point near tlus where 

^f-rr-e 

This does not, of course, affect the approximate form of our results, for 
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the complex force and couple are, with the same assumptions about the 
motion, 

Y -\-iX = — ^vpc^v — 2mpc^e(i) — Xpc{2 + te) + inpc^tarv 

- 27rpc®ew*— pj - 4c®)} da 

J 2c 

- 2pc I cosh i}g + m smh rj,} ds, 

J ie 

and the couple F, 

- 2npc^eu — 2npc*(o - — 4npc^uv - 2npc^e<i)V 

- p I* - c® - Js ^(a® - 4c®)} da 

J ic 

+pc®J Wg^jCosh 2^gda — 2 pcmJ wigSinhi/gda 

These results again show that to a hrst approximation, when we neglect 
the products of the small quantities e, w and w, a small (symmetrical) 
camber has no effect on the lift force or drag, although it affects the couple 
when there is acceleration This agrees with the results obtained by Burgers 
in Durand (1935, p 301) 

To compare the two it is perhaps better if we interpret our results, which 
are now practically identical in the two cases, in terms of tlie U, V, and a of 
Burgers’ work Writing as stated above 

« = Fco8a, ti=F8ina— f/, w — 

we get 

1 +iX = -477pc*Fa-47rpc®P’'w-2fv'pc + 47rpc®tw(Fa- f7) 

— p W!g{« — ^(#® — 4c®)} da — 2pc Wg(^g cosh i/, + ito sinh ))„} da 

J 2c J2e 

and r= —27Tpc^eV — 2npc*(t) — Xpc'^ — 47rpcW(Vcx,— U) 

-pf mg(^«®-c*- J«^(2®-4c*)}ds 
J 2c 

+ pc* wigi/g cosh 2?/gds — 2pc V wig smh t}gda, 

J 2c J 2o 

where the terra in 6 m the couple is missing in the case of the symmetneal 
aerofoil Burgers gives the result for the hft in a form which apparently 
shows an effect of camber, but his notation is slightly different from ours, 
his a being our a + e 
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6 4 — The important difference between the results we have obtained and 
those given by Burgers is in the effect of the wake Basing himself on the 
result obtained in the statical theory. Burgers obtains in the lift force the 
term pKV for the comjionent due to the circulation and vorticity In our 
formula this component appears as 

—pj nig 1 /, cosh 

or if we use Vg = Vs 8inh v, as the velocity of the wake particles relative to, 
and away from, the traihng edge, as 

— p\ coth Vsds 
J2c 

It IS, however, an added assumption in this work that the vorticity in the 
wake, once it is created and leaves the traihng edge, remains stationary in 
the fluid This amounts to assuming that = T or that the force component 
we are discussing is 

-pV\ m.cMilxv.ds 

j2o 

But as coth Vs > I for ail positive values of Vf> have 

I trig coth Vsds >1 nigda 1 = K, 

I J 2c I I J 2e I 

SO that now the hft force is actually greater than pK V In other w ords the 
wake vorticity with the same resultant circulation is more effective than 
simple circulation round the cyhnder in pioduciiig lilt (m, is of course of the 
opposite sign to K and the negative sign merely balances this) 

The effectiveness of the wake circulation may of course be reduced if the 
particles — as seems probable — do not have the full relative velocity V 
assumed in this form of the lift term, that is, if instead of remaining actually 
at rest in the liquid they moved towards the aerofoil If they moved in the 
opposite direction their effectiveness would, of course, be increased 

Although the effects are negligible in the final approximations, our 
formulae differ also in one other important aspect from those usually given 
The complex force duo to the wake circulation has, when there is no angular 
velocity, no appreciable component parallel to the motion In other words 
the hfting effect of the circulation is produced without any appreciable 
corresponding drag This distinction between the effect of the wake and the 
effect of a simple circulation, where this component would be represented 
by a term pK(V(x— U), is lost sight of in the statical treatment, where the 
effects of the wake and the effects of the circulation are separately handled 
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Our conclusion, and with this we shall be content for the present, is that 
with the exception of this influence on the lift, of the circulation or the wake, 
our general discussion confirms all the results obtamed by previous methods, 
but it has the advantage over those methods in that it derives all the results 
in one direct discussion, and gives precise information as to the nature of 
the approximations involved at each stage In a further note it is hoped 
to be able to develop further aspects of these and similar problems to a 
somewhat greater degree of approximation At present the discussion is 
being earned out m detail for the Joukowski aerofoils for which the general 
formulae assume simple hnite forms 

Summary 

The discussion of our solution of the problem of a general cybnder movmg 
in Uquids is generahzed to include the effect of a vortex-sheet wake ex- 
tending backwards m the liqmd from a trailing edge Assunung the wake to 
be of any shape and to have associated with it a total circulation which is 
equal and opposite to that of the mam circulation round the cylinder, general 
formulae are denved for the potential function of the fluid motion and the 
resultant of the fluid pressures on the cylinder boundary 
As stops m the analysis, the solutions of the problem of this general 
cylinder at rest (i) in a uniform stream, (n) in a stream due to an external 
hne vortex parallel to its axis, are solved in detail 

The general fonnulae are then examined m their approximate form under 
conditions analogous to those assumed for the particular problems whose 
solutions are already known, with the object (i) of determining the first 
order effects of camber and thickness and (ii) of verifying the approximate 
theoietical results now used in practice The result that the camber and 
thickness have no effect on the force (hft or drag), and only a small effect on 
the couple when there is acceleration, is verified but m a form which shows 
the precise conditions governmg the degree of approximation involved 
Our result for the hft arising from the circulations, however, differs from 
that usually given It is shown that under the usual conditions assumed for 
the wake, the lift force produced is greater than that produced by the corre- 
sponding simple circulation, and that this greater lift is attained without 
the drag which accompanies it in the simple circulation 
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The crystal structure of pentaerythritol tetracetate 

By T H Goodwin, John Harhng Fellow, University of Manchester, 
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{Communicated byW L Bragg, F R S — Received 18 Noveniber 1937 ) 

I — Introduction 

Although the technique for investigating organic crystals by X-rays is 
now fairly well developed, there are still many important tyjies of com- 
pound of which no representative has yet been examined In particular no 
Founer analysis of an ester has ever been published and no rehablo infor- 
mation 18 available as to the lengths of C — O and bonds m such sub- 

stances The investigation of pentaerythritol tetracetate recorded here was 
made partly to supply this deficiency and partly to develop the study of 
pentaerythritol (Llewellyn, Cox and Goodwin 1937) A further incentive 
lay m the doubt which existed at one time regarding the distnbution of the 
valencies of the central carbon atom in the tetracetate, this is discussed m 
§111 

The results of the investigation are presented at once, the methods by 
which they were deduced bemg described m the last section 

II — ^The structure 

1 — Molecular symmetry — Description of structure 

Pentaerythritol tetracetate, C(CH20 CO CH3)4, crystallizes in the 
tetragonal space group F^^jn The umt cell contains two molecules which 
may be regarded as mirror images They each have fourfold alternating 
symmetry, and their central carbon atoms at (000) and (i^^) must have 
their valency bonds directed from the centre to the apices of a tetragonal 
bisphenoid This bisphenoid is found to be the regular tetrahedron required 
by chemical theory The eight — CHjO CO CH3 groups are all equivalent 
and are related to each other by the symmetry operations of the space group 

Table I gives the co-ordinates of the atoms in one of these side chains 
Apart from the keto oxygen they have a zigzag arrangement and he approxi- 
mately in the crystallographic ( 620 ) plane, while the carbonyl bond, which 
18 also in this plane, is parallel to the c-axis (fig 1 ) Since the average direc- 
tion of the chains is fierpendicular to this axis, the 
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molecules may be descnbed as having their mean planes coincident with 
{002} but with the atoms of the — CH,0 CO CHj groups m the {620} 
planes 


Tablb I 


Atom xja 

C 0 

C, 0 096 

O, 0 181 

C, 0 270 

O, 0 280 

C, 0 366 


a: (A) yla 

0 0 

1 14 0 040 

2 17 0 070 

3 24 0 120 

3 30 0 120 

4 40 0 133 


y{A) zjo 

0 0 

0 48 0 161 

0 84 0 

1 44 0 126 

1 44 0 367 

1 60 0 060 


z(A) 

0 

0 80 
0 

0 67 
2 02 
6 22 



ilo 1 — Diagram of pentaerythritol totracetate moloculo C(CH,0 CO CH,) 4 , 
hydrogens omitted, showing fourfold alternating symmetry of molecule and planar 
conformation of acetate — O CO CH, group 


2 — Comparison with pentaerythritol 

The present structure shows a close resemblance to that of pentaery- 
thntol, C(CH20H)4 (Llewellyn, Cox and Goodwin 1937) In both, the first 
Bide-cham carbon and the adjacent oxygen have z-co-ordmates of 0 89 A 
and approximately 0 0 A respectively In both, all or nearly all the atoms 
he close to the {002} planes, and each has a good cleavage parallel to c{001} 
though, since the molecules of the ester are not bound together by hydroxyl 
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bonds to form a layer lattice as in the parent alcohol, the former has a much 
less perfect cleavage, the crystals being considerably softer and having lower 
density and melting point 


3 — Interatomic and intermolecular distances — Valency angles 
The interatomic constants are given in Table II The bond lengths are 
probably rehable to ± 0 03 A The C — C distances of 1 62 A are m good 
agreement with those previously measured, viz 1 641 in diamond (Bragg 
and Bragg 1913), 1 64 ± 0 03 in metaldehyde (Pauhng and Carpenter 1936), 
1 63 m the normal paraffin senes (Milller 1928) and 1 60 ±0 03 in penta- 
erythntol Few ahphatic C — O hnks have been measured, but the most 
rehable are 1 43 + 0 03 in metaldehyde, 1 46 + o 03 in pentaerythntol and 
1 30 in oxaho acid dihydrate (Robertson 1936) The Imk in metaldehyde 
may be regarded either as an ether or as a cycbc acetal bond, and so re- 
sembles the present 0 — O hnks more closely than the others The lengths 
of 1 41 + 0 03 found for pentaerythntol tetracetate agree very well with this 
value, which, it has been suggested (Crowfoot 1936), probably represents 
the pure single hnk The double bond between carbon and oxygen has 
never previously been measured for an ester or similar compound Oxalic 
acid dihydrate is quoted by Robertson as having a C-=0 distance of 1 24 
He also gives (1934) a length of 1 14 approx in benzoquinone, and Wyckoff 
(1932, 1934) records 1 26 A for urea However, the present work has m- 
cluded several Patterson and Fourier syntheses, and it is difficult to see 
that the bond can differ by more than ± 0 03 from 1 33 A 


Table II 


C— C, = 1 62A 
Cl— O, = 1 41 A 
O,— C, = 1 41 A 
C,— C, = 1 62A 
C,=0, = 1 33A 


c,cc; = io8i° 

CC,Oi = 106“ 
C,0,C, = 111“ 
OiC,0, = 124“ 
0,C,C, = 124J= 
0,C,C, = lOSJ” 


The valency angles are probably reliable to ± 3°, and three of the four 
angles which are approximately tetrahedral do not differ by more than 
from 109 two of these three are carbon valency angles and the third 
an oxygen angle which agrees well with Pauhng and Cariienter’s angle for 
metaldehyde of 109J + i° It must be admitted that the fourth angle seems 
rather low, though it is only 4^° less than 109J° The angles between the 
keto link and the smgle hnks in the acetate group are 124° and 124f ° They 
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have never been measured before but are of the order anticipated and agree 
well with the value of 126 for benzoquinone The sum of the valency angles 
round Cg is 357^°, and so the acetate group must be regarded eu planar 
within the limits of experimental error This is in accordance with stereo- 
chemical theory, but the suggestion that the angle between the single bonds 
on a doubly bound carbon is greater than 109 does not appear to be 
correct 

Quite good values are also obtained for interraolec ular distances, that 
between neighbounng keto oxygens being 3 46 A and between adjacent 
methyl groups 3 62 A 


i—Chenuml crystallography of the acetate group 


It has been shown above that in accordance with chemical theory the 
O 


aietate group 




has a planar configuration Another interesting 


feature is that the length of the c axis in pentoerythntol tetracetate 
(6 50 A) is almost identical with the figures found for the shortest axes of 
a number of acetates of carbohydrates Table III summanzes these data, 
which are taken from the work of Leuok and Mark (1934) and of Cox and 
Goodwin (unpublished) 



Table III 


Compound 

Axis 

Compound 

Axis 

Glucose pentacotate 

6 66A 

Xylose totraoetato 

6 72 A 

C'cllobiosp octacotate 
CollotriosG undecari tate 

6 7A 
67A 

Pentaerythntol totraeotate 

5 60A 


Now a study of molecular models shows that these short axes can only be 
the dimensions of the molecule perpendicular to the sugar nng (cf Cox, 
Goodwin and Wagstaff 1935) It seems clear, therefore, that in the sugar 
acetates the — O CO CH, groups probably have the same conformation as 
in pentaerythntol tetracetate, the atoms lying in planes perpendicular to 
the pyranose ring with the mean direction of each chain parallel to it The 
detailed examination of these complex compounds should, consequently, 
be considerably facihtated by the knowledge of the cmifiguration of the 
acetate group provided by this work 
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III — DETEEMINATIOrr OF THE STRTJCTTTRE 
1 — Previous work 

The earhest crystallographic work on {lentaerythntol tetracetate was 
that of Miss Knaggs (1923), but the first X-ray measurements were earned 
out by Gerstkeker, MoUer and Reis (1928), who determined the dimensions 
of the tetragonal cell and recorded the space group as P4/n (C|j) They also 
concluded that, contrary to chemical ideas, the molecule must have simple 
fourfold symmetry with a pyramidal distribution of the valencies of the 
central carbon atom 

In reply to this, Miss Knaggs (1929) showed that the space group had been 
incorrectly deduced, that it was in fact, P4j/n and that the molecular 
symmetry is fourfold alternating, the valencies of the central carbon being 
directed from the centre to the apices of a tetragonal bisphenoid Whether 
the chemical theory that this bisphenoid is a regular tetrahedron is correct 
can only be definitely ascertained by the determination of the co-ordinates 
ol the atoms adjacent to the central one Although Miss Knaggs did not 
attempt this, she did suggest a tentative structure for the molecule, but as 
this structure differed radically from that found by us and as it was not 
supposed to be final no good purpose would be served by discussing it here 

2 — Crystallography, cell dimensions and space group 
The crystals used in this investigation were prepared from pentaery- 
thntol and recrystallized from aqueous alcohol They formed needles 
elongated parallel to c with usually only the »t{l 10| faces present They were 
generally terminated by cleavage faces parallel to the base {001} The X-ray 
measurements were carried out by means of rotation and oscillation photo- 
graphs using a camera of 6 0 cm radius with f'u Ka radiation They con- 
firmed the cell dimensions recorded by previous workers, viz a = 12 00 A 
and c = 6 50^ A These lead to an axial ratio of a c = 1 0 468 which is in 
good agreement with the crystallographic value (Knaggs 1923) 

o c= I 0 324 ^2= 1 0 468 

when this refers to the true unit cell Analysis of oscillations about the [001] 
and [110] axes showed that all general planes {hkl} were present but that 
{AXO} planes with h + k odd were halved The only order of (001) observed 
was (002) The space group is therefore P4,/» (CJ*) 

Since the density is 1 273 g /c c two molecules of C(CH20 CO 0113)4 
m the unit cell and each must have fourfold alternating symmetry, the 
eight — CHjO CO CH3 chams being regarded as equivalent asymmetric 
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groups If one of the central carbon atoms is placed at (000), the other is at 
positions of eight eqmvalent points are 

(xyz), (yzz). (Syz), (y^), (i+x, j + y, i-z), (i-t/, i + x. i + z), 

(i-*, i-2/. i-2). (i+y. 4-*. i + 2) 

As the hydrogen atoms are too light to be resolved, fifteen parameters need 
evaluatmg, therefore, to locate all the heavy atoms m the elementary cell 

S — Intenaihta 

To determine these parameters photometric measurements of the m- 
tensities of as many reflections as possible were made Two methods were 
adopted to overcome the difiSculty that the mtensity-blackemng curve is 
not linear over the whole working range In the first, each photograph had 
recorded on it a cabbration stop so that, after photometermg any spot, 
the successive readings could be calibrated in terms of the intensity producing 
them In the second only the hnear portion of the blackemng-intensity curve 
was used, the photographs being taken in duphcate so that strong reflections 
could be measured on weaker photographs and vice versa The photometry 
was earned out by means ot a Cambndge Microphotometer, the computa- 
tions of integrated intensity being made directly on a Sundstrand Adding 
Machine Observed structure factors, , were then calculated by use 
of the formula = Kl\nC^L~^, where fhe integrated intensity as 
measured on the film — only relative values have been employed as absolute 
mtensities have not been found essential — c is the Cox and Shaw (1930) 
correction factor, L is the “polarization” factor and K a factor of pro- 
portionahty 


4 — Molecular model 

Although this substance was the first ester to be analysed by X-rays, it 
was not anticipated that it would show any wide divergence of its inter- 
atomic distances from the values of 1 54 and approximately 1 47 A usually 
assumed for the C — C and C — O hnks On the other hand the C=0 bond 
should be considerably shorter than 1 47 It was therefore convenient to 
build a molecular model using spheres of radius 1 5 cm for the atoms 
C, C\, Oj and C„ fastening them together with concealed wooden “valencies ” 
placed at the tetrahedral angle Actually the carbonyl oxygen Oj was a 
sphere of the same size but fastened to Cj by double spnng bonds, m mea- 
sunng intermolecular distances it was necessary to allow an appropriately 
closer approach to the centre of the atom The methyl groups were repre- 
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seated by larger spheres of radius 3 6 cm out away on one side to permit the 
centre to approach to 3 0 cm (1 6 A) from C, In this way methyl radicals 
could be allowed to “touch”, since the nearest distance of approach of 
carbon atoms in different molecules is never less than 3 5 A The assumption 
of tetrahedral valency angles for carbon and oxygen was only made as a 
starting point for preliminary calculations of structure amphtudes and for 
convemence in studying the space-filhng properties of the model 

6 — Patterson projection — Space filling — Optics 
At the outset it seemed probable that the molecule would he m the unit 
cell with its arms inclmedto the o{ 100} faces, for the (1 10), (310) and (130) 
reflections are relatively strong while (200) is weak Inaddition it was found 
that space-fllling criteria were satisfled better with such a molecular arrange- 
ment The observations were further confirmed by a Patterson (1935) 



Fio 2— Portion of Patterson projection, showing development of ridges parallel to 
the {620} planes (shown by the slopmg Imea) in which the — C’H,0 CO CH, groups 
are found 

synthesis (fig 2) usmg all the {AlfcO} intensities Owing to the large number 
of interatomic vectors which are only approximately the same in magnitude 
and direction the maxima are not very clearly revealed, but the development 
of ndges along the traces of the {620} planes shows that, as a first approxi- 
mation, the — CH,0 CO CHj groups he in these planes 
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Information as to the configuration of the molecule is also given by the 
refractive indices e = 1 483 and = 1 433 (Knaggs 1923) The positive 
birefringence (e — w = 0 050 ) is rather large for such a compound and suggests 
that the keto bonds are parallel to the c-axis, smce negative or very low 
positive double refraction would otherwise be expected Now, if the atoms 
of each side chain form a flat zigzag, either the C— O or the C — CH3 bond 
will be parallel to the pnncipal axis The optical properties, therefore, 
suggest the former to be the case 


6 — Structure factor graphs 

With the information and assumptions already indicated structure factors, 
F, were calculated for vanous planes using the formulae 

^ {EfAy^ + (SfB)\ 

4 = 8 cos* 271 — — cos 7 r[A - fcx + A + ky] cos 7 i[A + Ax - A - ky] cos 2 n Iz, 

B = - 88 in* 27 r -- ^ j*- smirlA — ix+A + 8m7r[A + Ax-A — Au] 8 in 27 il 2 
4 

The evaluation of these expressions was earned out by means of the con- 
toured graphs of structure factor described by Bragg and Lipson (1936) 
Since this crystal belongs to the plane group P 4 the graphs are typified by 
fig 6 of their paper As used by us these curves only evaluated the expression 

A' = 4<o8 7i[A— A x-fA + Aji] oo8 7i[A-f-Ax — A — A^], 

but by a change of ongin a similar expression 

B' — 4sin7r[A-Ax-f A + Ay] sm7r[A-i-Ax— A — Ay] 

could be read off To compute any special or general {hkl} structure amplitude 
it was then only necessary to multiply 4 ' by 2 / cos Znlz or B' by — 2 / sin 2nlz 
according as A 4- A -f hs even or odd and to sum for all non-equivalent atoms 
in the cell 

The actual curves employed by us were drawn to cover J x ^ of the cell 
on a sheet 20 x 20 in By plotting atomic positions on a sheet of tracing cloth 
which could be placed over each graph in turn, the contribution of each 
atom to any geometrical structure factor could be read off 
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7 — [hkO} structure amplitudes and Founer projections 

In spite of the information and assumptions indicated earlier, considerable 
latitude still existed in the choite of atomic co-ordinates It was found im- 
possible at first to obtain satisfactory agreement between observed and 
calculated values of but it was realized that certain planes always gave 
structure factors with the same signs, notably (110), (310), (130) and (330) 
A Founer projection was therefore constructed using these four terras only 
and served to restnct the possible atomic positions Vanous new pairs of 
co-ordinates were then employed in computing the structure factors afresh 
and when more planes were found to have constant signs they too were 
incorporated m a second synthesis and the process repeated In this way 
the atomic co-ordinates were gradually refinetl and the agreement between 
observed and calculated F’s improved until the projection shown in fig 3 
was obtained 



Fio 3 — Last Founer projection on (001), showing 
turangoment of arms of molecule in {520} planes 
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It may be mentioned here that m all computations of (AR)} structure 
factors the eflfect of interchanging O* and C3 was tried to determine definitely 
whether or C, — Cj is parallel to the r-axis Invanably more satis- 

factory results were obtained in the former case 

8 — {Ml} structure factora-Three-dimensional Fourier syntheses 
In calculating the values of it was assumed in the first instance that 
Cj would he at a height of 1 64 cos x 109^°) = 0 89 A, and that 0^ and C3 
would be in the same plane as the central carbon atom 1 e 2 = 0 The heights 
of Cj and Oj were found from a Patterson synthesis {Barker 1936) along the 
line (ajj ,3/^,2), this synthesis is shown in fig 4 Using these 2-co-ordmate8 



Fio 4 — One dimensional Patterson synthesis parallel to c axis 
tlmmgh C, and O, to determine * co ordmatea of C| and 0| 

With the values of x and y found from fig 3, structure amplitudes were 
computed for a large number of {hkl} planes and those which showed good 
agreement with the experimental figures were incorporated in one-dimen- 
sional Fourier syntheses through CjOj and Oj, from which more reliable 
values were obtained for the r-co ordinates The structure factors were then 
recalculated and many more included in new syntheses both along special 
lines and o\ er various planes at different heights in the cell The latter helped 
to determine the x and y co ordinates of vanous atoms, particularly C, and 
Og, more accurately than was possible with the projections on {001} For 
these syntheses the density of scattering matter at any point is given, m 
arbitrary units since only relative intensities were used, by 

h k i 

Pxuz = 5^5 ^hki cos + ky + Iz) - a}, 

where a, the phrase angle of any reflection, is given by 

a = for this space group, =■ 0, 2r/2, n, 3w/2 
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The computation of these syntheses is best effected by the separate treat- 
ment of terms with h + k + l odd and even as impbed by Mrs Lonsdale 
(1936) and was earned out by an extension of the method of Lipson and 
Beevers (1936) 



Fio 5 — Founer aynthesis along line C,0» to detenrnni 
2 CO ordinates more accurately than from Qg i 



[Q 6 — One-dimensional Fourier synthesis throui 
determine t-oo ordinates accurately 

In this way the positions of the atoms were refined until the results shown 
in Table IV were obtained using the co-ordinates listed in Table I Figs 6 and 
6 show the final Founer syntheses along vertical hnes through CgO, and Oj 
and fig 7 a, b and c shows the Founer sections through the cell at heights 
of « = 0, z * 0 161, 2 = 0 367, by means of which all the atoms are com- 
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pletely resolved 

The negative ordmates in figs 

5 and 6 

are due to the 

omission of the {hkO} terms 
of 2 

i as they make contributions which 

Table IV 

are independent 

hkl 


-f obg 

OL 

hkl 

l*’calc 

F obg 

at 

110 

37 

42 

0 

630 

21 

13 

0 

020 

12 

10 

180 

251 

26 

23 

180 

Oil 

71 

35 

0 

621 

61 

42 

0 

111 

43 

29 

270 

042 

18 

1 1 

180 

220 

8 

9 

180 

060 

17 

16 

180 

021 

39 

30 

90 

412 

3 

17 

270 

121 

12 

26 

180 

441 

10 

21 

270 

211 

37 

33 

0 

332 

7 

<11 

180 

130 

58 

44 

180 

242 

20 

20 

180 

310 

118 

92 

0 

422 

34 

37 

0 

221 

2 

14 

270 

361 

41 

33 

270 

131 

6 

10 

270 

631 

20 

22 

270 

311 

11 

26 

270 

260 

20 

10 

180 

040 

38 

47 

180 

620 

62 

38 

0 

231 

21 

22 

180 

013 

14 

16 

0 

321 

9 

14 

180 

113 

13 

13 

270 

330 

46 

42 

180 

612 

39 

42 

0 

002 

66 

39 

0 

261 

21 

18 

90 

240 

21 

26 

0 

023 

16 

22 

90 

420 

66 

68 

0 

123 

37 

38 

180 

012 

18 

18 

270 

622 

3 

16 

270 

112 

6 

9 

0 

660 

8 

< 9 

0 

041 

32 

32 

270 

170 

8 

9 

0 

141 

37 

29 

180 

710 

14 

21 

180 

411 

24 

27 

0 

460 

21 

12 

0 

331 

22 

26 

00 

640 

18 

14 

180 

122 

3 

<10 

270 

361 

39 

24 

0 

212 

4 

11 

00 

223 

6 

13 

270 

241 

7 

10 

90 

033 

11 

16 

180 

421 

62 

39 

270 

362 

12 

10 

0 

222 

13 

19 

180 

632 

16 

19 

0 

160 

10 

9 

0 

661 

16 

12 

90 

610 

3 

< 6 

180 

641 

16 

16 

90 

032 

32 

36 

00 

170 

3 

<11 

180 

132 

19 

19 

180 

730 

42 

30 

0 

312 

12 

12 

0 

323 

5 

21 

0 

431 

30 

24 

0 

612 

38 

16 

270 

061 

18 

16 

0 

271 

12 c 

n 12 

0 

161 

17 

17 

90 

043 

24 

18 

270 

232 

22 

25 

270 

333 

22 

17 

90 

322 

19 

22 

270 

262 

29 

28 

0 

440 

26 

22 

180 

622 

14 

<14 

0 

360 

6 

The pliwi' 

<10 0 

as in this table are listed m 

413 18 17 

decreasing order of spacing 

0 
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hkl 

P calc 

•^obg 

Table IV — amtmued 

a hkl 

i’calo 

P obi 

a 

080 

16 

0 

0 

930 

60 

16 

0 

661 

25 

16 

ISO 

314 

28 

12 

180 

731 

24 

19 

270 

363 

34 

24 

0 

820 

40 

14 

180 

044 

0 

<12 

— 

263 

11 

12 

0 

273 

26 

16 

0 

623 

37 

27 

0 

244 

36 

18 

180 

760 

42 

2'i 

180 

960 

18 

10 

0 

372 

44 

9 

0 

614 

47 

23 

0 

004 

14 

<12 

180 

444 

39 

18 

0 

661 

23 

14 

270 

2, 10, 0 

17 

10 

180 

163 

24 

19 

0 

10, 2, 0 

23 

10 

0 

024 

16 

12 

0 

4, 10, 0 

13 

<10 

180 

463 

23 

24 

0 

10, 4, 0 

63 

16 

0 

1»0 

31 

11 

180 

11. 1, 0 

40 

12 

0 

910 

20 

7 

180 

264 

40 

16 

0 

390 

26 

<10 

0 

941 

16 

14 

180 
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IV — Summary 

The crystal structure of pentaerythritol tetracetate has been determined 
The molecule has fourfold alternating symmetry, the valencies of the central 
carbon atom being inchned to each other at the tetrahedral angle The 
remaining valency angles are listed, with the interatomic distances, in 
Table II They show that the acetate group is planar, as anticipated by 
chemical theory and that the length of the C=0 bond is 1 33 A 
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The electronic structure of some polyenes and 
aromatic molecules 

IV — The nature of the links of certain free radicals 

By C A CouLSON 

University Chemical Txjboratary and Tnmty College, Cambridge 

{CommuniccUed by J E Lennard-Jones, F R 8 — 

Received 24 N member 1937) 

1 Inteoditction 

In the first two papers of this senes (1937a, 6), referred to as I, II, Len- 
nard-Jones has developed a method for mvestigatmg the lengths and 
energies of the links in some unsaturated molecules For this purpose he 
used the method of molecular orbitals In pajier III (1937), Penney obtained 
similar results, using the electron-pair methods of resonance, developed 
by Pauhng and others It is the purpose of the present paper to extend the 
calculations to chain molecules and radicals m which the number of carbon 
atoms IS odd, and in which, therefore, there is one electron which does not 
form a bond, in the usual picture of the chemist We shall use the method 
of molecular orbitals, and this work may be said to be a contmuation of I 
and II The writer would like to thank Professor Lennard-Jones for sug- 
gestmg this work, and for the opportumty of discussing it with him during 
the calculations 
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In general these free radicals with “tnvalent” carbon are not stable, 
and tend to form dimers, but there are certain of them which do exist* 
either as stable substances or in dissociative equihbnum with their dimers 
Huckel (193s) has discussed these radicals, on the earher form of the theory 
m which all the hnks were assumed equal and no allowance was made for 
their compression His work needs to be extended because there is no reason 
why the hnks should be all equal, and m fact, the bond diagrams of the 
chemist lead one to susiiect otherwise, and to believe that there may be one 
of the carbon atoms (the one on which the unpaired electron is to be found) 
different from the others (for which all the electrons are paired) On the 
molecular orbital theory, in which each electron is supposed free to move 
throughout the whole molecule in an averaged potential field, it is not so 
easy to see at once in what way the presence of the odd electron will alter 
the arrangement of the hnks So the first question that we shall ask will be 
whether in chain molecules, such os there is one carbon atom 

occupying an essentially different situation from all the others We shall 
then compute the resonance energy 

The details of the calculations, the setting up of the secular determinant, 
the inclusion of the energy of compression of the C! — C single hnks and the 
minimizing of the total mobile energy ‘W with resjiect to the lengths of the 
individual hnks are supposed known, they are described m detail in I The 
values for the constants «, d, kj and are taken to be the same as in I and II 


2— The ciuiN molecuias C,„+iH 2„4 8 


(1) C,H, 

The simplest of these chain molecules is the radical CgHj, and it will be 
convenient to discuss it in some detail before working through the general 
case This molecule would naturally be desenbed by either of the two bond 
diagrams of hg 1 


C=CH, H,0=C-<!!H, 


Fia 1 


On the wave-mechamcal picture, there will be resonance between the two 
patterns, and this will result, as calculation shows, in this case, in a per- 
fectly symmetrical structure in which the central atom is equally spaced 
from the two end radicals The calculation is 8U9 follows 
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Call the lengths of the two links and x^, so that the resonance integrals 
are /?i and jSg Then the secular determinant is 

e A 0 

/?! e y?. =0, 

0 Aa e 

le e = 0 or e* = /?i + /?j (1) 

Three mobile electrons are to be put into this framework, and their elec- 
tromo energy ^ may be wntten 

The compressional energy is 

and 80 the total orbital energy is 

^ + + + ( 2 ) 

The defimng equations are ^ = 0 

Just eis in I, these equations simplify, and the result is 

The solution of these equations shows that in equihbnum I 36g A 

(All distances will be given in Angstrom umts ) It is easily venfied that this 
18 mdeed a minimum forJ^, since, with those values, 

dxf dxl ^ dx\ dxl 

We conclude therefore that the effect of resonance between the two struc- 
tures of fig 1 18 to give a perfectly symmetrical structure, in which the 
unpaired electron must be considered as moving throughout the whole ot 
the molecule It is interesting to note how much charge may be thought 
of as residmg on each nucleus If we call the three carbon nuclei 1, 2 and 3, 
in order, and write, for the molecular orbitals. 


(3) 

(4) 
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where is the wave-function of a 7r-electron on nucleus 1, then a rough 
description of the charge on each nucleus is obtained if we say that the 
contnbutions from the orbital are m the ratio of a\ o| respectively For 
the lowest orbital Oj a* Oj = 1 ^2 1 so that the charge distnbution due to 
the two electrons in this orbital is 0 6, 10 and 0 6 respectively For the 
upper orbital (singly occupied) o^ o, a, = 1 0 —1, so that the charge 
distnbution for this orbital is 0 6, 0, 0 6 Thus the total charge distnbution 



for the three /r-electrons, being the sum of the two effects above, is 1, 1, 1, 
mdicating that the charge does not tend to accumulate on the central 
carbon atom nor on the outer two carbon atoms 
The energies of the occupied orbitals are 46 4 kcal and 0 The energy of 
compression is 2 1 7 kcal , so that the total mobile energy J*" is — 71 7 kcal 
Taking the energy of a simple double bond as 55 7 kcal , we find a resonance 
energy of 15 4 kcal 

It IS easy to see why this radical will try to form a dimer For if two such 
radicals come together to form a oham molecule 

H2C-=CH~CH,— CH,— CH=CH„ 
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there will be a gam of energy equal to that of a single C — C bond (72 6 kcal ) 
and a loss, relative to the two isolated radioals, of twice the resonance energy 
of one radical (i e 2x154 kcal ) There is thus a net gain of energy of about 
42 kcal 

Equation (2) enables ^ to be computed for any assigned values of 
and ajj, and energy contours can be drawn, which show how the energy of 
the molecule depends upon and Such contours, at mtervals of 6 kcal , 
are shown in fig 2 For values of x outside the range shown, it is not justi- 
fiable to replace the tr-bonds between the carbon atoms by a parabohc 
field kg{x — 8)^, but a full Morse-curve should be used The energy surface 
of fig 2 could be used to compute the vibrational frequencies, for which 
the normal co-ordinates are clearly x, + x^ 

(ii) Chain molecules C 2 „+iH 2 „^, 

The general radical of this type is 3 and can be treated similarly , 

if we suppose that the links alternate in length, as in the ordmary con- 
jugated chams of even order, then there will be two structures between which 
resonance may be expected In each there will bo n single and n double bonds, 
and the unpaired electron will be on that carbon atom at the end of the 
chain which is terminated by a suigle bond The two structures will be 
similar except that, starting from one end, the first hnk is single m the one 
case and double in the other In this connexion, “single” and “double” 
refer to the customary bond representation the actual lengths of the Imks 
will certainly not be precisely those corresponding to a pure single or double 


bond Let us call the lengths alternately x, 
and /? 2 , then the secular dotoiminant is 

and Xj 

w ith exchange integrals 


e, 


0, 

, 

0, 

0 



y^i- 

e. 


. 

0, 

0 



0, 

y?,. 

e, fii, 


0, 

0 

= 0 (5) 


0, 

i>. 

0, 

A. 

p. 

Pi 



0, 

0, 

0, 

0, 

Pi 

, 6 



In this determinant there are 2w-j- 1 rows and columns Now d is just the 
determinant discussed in the appendix to this paper, and its value is 
there obtained In fact, 

A = em"+^ ^/sm 

where e® = cos ^ ) 
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The roots are given by 

Co = 0 

and e, = {/^f + /:^ + 2/y,/?,cosm/(n+l)}*, i = 1,2,3, n (7) 

The levels corresponding to r= 1,2, 3, n (with positive root for e^) will 
each be cninfiletely filled, this accounts for 2« mobile electrons, and the 
2n + 1th will partly fill the level Cq Thus 


^ = 2 ^ +/lj + cos r7Tj(n + I )}* 


But 

i - nA„(x, - s)* * nk„{x2-af. 


and 

F ^6+i' 

(S) 

3 ^ 3^ 

The defining equations, =0 now yield the relations 




(9a) 



(9b) 

where 


(lOa) 



00b) 


These equations are satisfied by = x^, to show that this is an absolute 
miminum we need to show that and are greater than 0, and that 

02^ 32 jr / 32 jr \2 ' * 

Ixf 1^4 ^ condition is satisfied m the 

case of » = 1 , and it can be shown to be true also for ra = 2 and as n tends to 
ififimty , in other cases it is easy to verify that it is satisfied, and we conclude 
therefore that radicals of type Cj„+,H8„+8 do not show alternating lengths 
of links analogous to the ordinary conjugated systems 
We can therefore suppose that each link is of equivalent length (this 
statement needs to be modified when we allow for end-effects in the next 
section) In this case the secular determinant (6) simplifies When = A- 
it becomes 

^in+ii^) = fi, (see appendix for the value of P„) 
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where 

The roots are 
where 
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8in(2w + 2)0/8in0 = 0, 

e = Ifi 008 0 
= 2ficmrnl(ln + 2), 
r= 1,2,3, 2»+l 


( 11 ) 


The levels r— 2n+l, 2n, n+2 are doubly occupied and the level 

r = n 4- 1 IS singly occupied (its energy c„^j = 0) Thus 


<f = 4/?2cos>-w/(-lw+2) = 2/ifcotw/(4n+4)- 1] 
Now y = 2nk^{x — 8)^ 

Therefore F = '2nk„{x - + 2/?[cot w/(47i + 4) - 1 ] 

The defining ecjuation now gives 


-'>/[' 




(2a 4 l)tana/(4« + 4)- 11 

1 - tana^/(4a+ 4) J 


(12) 

(13) 

(14) 


(16) 


This last equation enables the equihbiiuin <listanco to be calculated for anv 
value of « Equation (11) then gives the energies of the various orbitals 
It will be noted that as n tenils to infinity. 


j;_>,_(S-d)^|| ijj (1«) 

This IS in entire agreement with the corresponding i-esults tor an oven 
number of carbon atoms as in I (p 293, equation (56)) As n-*oo the energy 
per carbon atom tends to 


{2p\ cot7r/(4rt + 4) - 1 1 + 2w^„(,e -«)2}, 


and in the limit this becomes 4 ^/ 77 + il,(j; — s)^ I o 31 Okcal This latter value 
will be the same for chains containing an even number of carbon atoms 
Numerical results for a number of different values of n are shown in Table I 
In this table, some of the results for the molecules discussed in I are included 
for comparison and then the value for the length given in the table is the 
mean lengtfi of the links Attention is also drawn to the fact that the reson- 
ance energy is measured from a “zero” of n double bonds both in the cases 
and 
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Table I— The lengths of the links in chain molecules 

AND RADICALS 



CaHj 

C,H, 

C,H, 

C.H, 

C,H, 

C’sH„ 

C,Hi, 

Ci,H„ 


Length of end links 

1 

__ 

1 36, 

_ 

1 34, 

- 

1 34, 

— 

1 33, 

Length of other links 

_ 


139, 

— 

138, 

— 

I 38, 

— 

1 37, 

Mean length 

1 36, 

1 36, 

1 37, 

1 37, 

137, 

1 37, 

1 37, 

1 37, 

1 37, 

Resonance (koal ) 

164 

60 

26 6 

10 8 

33 0 

17 I 

40 2 

22 3 

- 

Mean length (all links 

1 36, 

1 36, 

1 37, 

136, 

1 37, 

1 37, 

1 37, 

1 37, 

1 37, 

assumed equal) 

Gam in energy by al 

00 

_ 

0 76 

— 

0 82 

— 

0 88 

— 

16") 

lowing end hnks to 
differ from the rest 

Total energy content 

668 8 

897 6 

1084 6 

1292 

1481 

1687 

1877 

2081 

_ 

due to mobile ^ec 


(ui) End-effects in the radicals 

It has been shown in the preceding section that in the radicals C2,n.iHj„+5 
there is no reason to expect an alternating series of lengths for the yanous 
hnks, and the calculations subsequently descnbed were those in which it 
was assumed that all the hnks were of equal length This, however, is not 
entirely fair, for, as Penney shows in III, the hnks at the end may be appre- 
ciably shorter than those in the central part of the molecule Penney con- 
cluded that in molecules of tyjje the end-effects persisted up to the 

fourth hnk from either end With molecules of type , 3, where the 

initial tendency to alternate sizes does not exist, we may reasonably expect 
the end-effects to be rather less important An approximate result could be 
obtamed by assuming that all the hnks were of equal length except the 
two end ones, of length ajj With this assumption, the secular determinant 
becomes 


e, 

A. 

0, 


, 

0 

A. 

e, 

Pi. . 



0 

0, 

Pv 

e, Pi, 

, . , 

’ 

0 

0, 

0, 

0, 

, Pi, e, 

Pi, 

0 

0, 

0, 

0, 

, 0, /?„ 

e, 

Pi 

0, 

0, 

0, 

, 0, 0. 

Pv 

e 


This determmant may be expanded in powers of /Sj It gives 
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If we use the recurrence relations for the as given in the apiiendix, this 
reduces to 

J (18) 

The roots may be found as a senes ot approximations, just as in the case of 
I (equations (34), (36)), we find that 


n+1 


Irn n-\ lp\ 4r77- 

2n-e~2~2(n+\Y\fi\~ } + 2 


(19) 


Smce (^f//Si-l) 18 small, an expansion in power senes converges fairly 
rapidly With this value of 0^, we have 


e, = 2/?aC08(9, (r=l,2 2 ji+I) 

= 2 y? 2 Cos — l)(c 08 

2n + 2 }\ 2n + 


cos (20) 

2 2n + 2/ ' ' 


We hav e neglected pow ers of - 1 ) above the first m this approximation 
There are 2n + 1 mobile electrons to fit into these levels The levels r = 1 , 2 n 
are doubly filled, and the level r = w+l (foi which e = 0 rigorously) is 
singly occupied Hence 



_ « nr , //if? \ «/ m 3rn \ 

= 4/3, y cos, ; + — a, - 1 1 Zl<-08„ ;-cos , 

2n + 2 /-tv 271 + 2 27i + 2/’ 

(21) 


rix^,x^) = 2^,(a;l-«)* + (2n-2)A,(a:a-a)^ 

(22) 


^{Xl,X2) = ^(Xi,X^)+i' {Xi,Xi) 

(23) 

Now 

cos rnl(2n + 2) = ^(oot nl(4n + 4) — 1} 

1 


and 

2 cos SmK'Zn + 2) = - cot SrrKin + 4) - 1}, 


so that 

(ail, aij) = 


(24) 

The definmg equations = d^jdx^ = 0 now yield the results 




(25o) 




( 266 ) 
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where 


<Si = 


1 ” 

2n + 2 4m + 4^ 


3;r \ 

■‘S+i)’ 


(28) 


4n-4|_ 4» + 4 «+l\ /?5/\ 4w + 4 4n+4/J ' 


These formulae may be applied for various values of n It is interesting to 
note that as n tends to infimty, > 2/n and 1 377, which is the value 
found for an infinite chain m which all the links are assumed equal In the 
case of an infinite chain, (Sj -> and the equation (25o) must be 

solved by iteration It becomes 






•iTTfi, 


')] 


(28) 


The result is that the end links are of length 1 337 A Since it can make no 
appreciable difference in a very long chain whether the number of carbon 
atoms IS odd or even, this calculation must hold for all long chains It is 
probable that the estimate would need shght revision if we were to allow 
for the variation of the next links to the end ones as well, but the calculations 
would be excessively laborious by this method It should be noted that 
I’enney (III, p 321) estimates the length of the end hnks in long chains to 
be 1 35 A, so that the agreement is very satisfactory It may be worth 
noting that the total gam in energy due to this variation of the end hnks 
18 1 7 kcal over the value obtained with all the hnks equal For shorter 
molecules of this same typo, as we shall see below, the gam is rather less 
(about 0 8 kcal ) 


(iv) Some apejcial eases CjH7, C^H, and CgHji 
These methods have been apphed numerically to study the radicals 
O5H7, C7HJ and CjHji The end hnks m each case have been assumed to have 
a length x-^ different from those of the other links x^, all of which are supposed 
equal In these calculations it was possible to minimize directly with respect 
to a?! and X 2 without using the approximate formulae shown m equation (20) 
The results, which are shown in Table 1, are therefore independent of the 
validity of this equation (which only holds when (1—/??//?*)* may be neg- 
lected) The values for the mobile energy shown m the table may be com- 
pared with the corresponding values when all the links are supposed equal, 
a difference of about 1 kcal is obtained between the two energies The 
equihbnum values both of and x^ get steadily less as the chain mcreases 
in length, tending to their asymptotic values 1 337 and 1 377 respectively. 
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but the mean length of the links is remarkably constant The end hnk always 
appears to be about 0 04 A shorter than the other links, a value very com- 
parable with that obtained by Penney (III, p 321) 


3 — Summary 

General formulae are given for the lengths of the links of free radicals 
and molecules of chain-form It is shown that in these chains the 

effect of resonance is to remove some of the characteristic properties of 
alternate single and double bonds ( 'alculations have been made of the 
energies of these radicals in certain particular cases, and the effect of 
resonance has been estimated 


APPENDIX 


Thk valxtfs of certain DFTIRMINANTS 


Some of the determinants evaluated in this ap|iendix have already been 
calculated by Leonard Jones in I and II, and by Huckcl and others But 
for convenience their values are included with the new ones, the method 
used by Lennard-Jones is only apphcable to cases where there is an even 
number of rows and columns, the present method a))phe8 (iinte generally 
Let Pjtfd) be the determinant 


e, d, 0, 0, 
d, e, d, 0, 
0, d, e, d, 


0 

0 

0 


0, 0, 0, 0, , d, c, d 

0, 0, 0, 0, , 0, d, c 


(29) 


There are n rows and columns, and the only non -vanishing elements are 
the leading diagonal elements and those immediately bordering this diagonal 
Expandmg in terras of the top row, we find the recurrence relation 

= (30) 

The initial values are = e and = (31) 

If we write = I + PiX + P 2 X^+ , (32) 


then the recurrence relation (30), together with the imtial values (31), 
shows that 


ll(\-ex+dH^) 


(33) 
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If, now, we write e = 2d oos 6, and put^ into partial fractions, then we may 
equate coefficients of a:'* in ^ and find 

= d"Bin(»+ l)d/sin0 (34) 

Thus the roots of P„ = 0 are all real and are 

e, = 2d COB rjr/(n + 1 ), where r= 1,2, n (35) 


Now let 

€ 

d 

d, 

d. 


, 

, 

0 


d, 

6, 


d. 


, 


0 


0, 


e, 

d 




0 

Qn{d.^) = 

0, 

d. 

d, 

e, H, 



’ 

0 


0, 

d. 

d. 

d. 

, d. 

t, 


0 


d, 

d, 

d. 

d. 

, d, 


e, 

d 


0, 

0, 

0, 

d, , 

, d, 

0, 

d, 

e 

and 

! 


d. 

0 

, 


, 

0 1 


s, 

t, 

d, 

d, 

, 

, 


0 


0, 

d, 

e> 

S, 

, 



0 

RJd.n) = 

0, 

d, 


e, d, 



> 

0 


! 

d, 

0, 

d. 

, d, 



0 


d. 

d, 

0, 

d, 

, d. 


e, 

d 


0, 

0, 

0, 

0, 

, d, 

0, 

d, 

e 


so that has 27i rows and columns and has 2w — 1 Expanding in terms 


of the top rows, we find m the two cases 

(37) 

Elimination of P„, or of Q„, provides the new equations 

e„+(s* + d*-t*)(?„_i + sW(?„_a = 0, (38) 

R„ + (s» + d* - e*) P„_i + = 0 (39) 

are =1, Qi = e*-d*, (40) 

Ro = 0, Ri = e, P* = fi3-e(s» + d») (41) 


The initial values 



If we write 
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then it IS soon shown that 


(42) 


J = (H-«*j;)/{l + («® + d*-f*)r + «Wx»} (43) 

Putting e® = a® + d* + cos ^ (44 ) 

and throwing M into partial fractions, the result jireviously obtained by 
Lennard-Jones is reproduced 

Q,^ = a"d''“'{d8in(»+ l)^ + s8mn^}/sin^ (46) 

In an exactly similar way, we find that 

/?„ = a"-*d"-ie8inra^4/sin^ (46) 

A check on this working is obtained since, when a = d, 

6® = d®(i + 2 008^4) = 4d*co8*(^4/2), 

and so, comparing with the relation e = 2d cos d, we see that ^ = 20 In 
such a case Q„ does reduce to /jn, and does reduce to P 2 n-i 

For the sake of completeness it is worth including in this section two 
determinants which, though not used in the calculations of the present 
pajier, would be required m any chscussion of the cychc molecules and 
radicals ' 


Let 


L„{d, s) 


e, d, 0, 0, 

d, c a, 0, 

0, a, e, d. 


0, a 
0 , 0 
0 , 0 


0 0, 0, 0, ,8, e, d 

a, 0, 0, 0, ,0, d, e 


(47) 


contains 2n rows and columns Expanding m terms of the top row, 


L^{d, a) = e/?„(d, a) - d^Q„^^{d, s) - «®e„_i(«, d) - 2d’'a” (48) 


If we put m the previously determmed values of R and Q, this reduces to 


//„(d,«) = —4d“«" sin* 1 * 54 / 2 , 
where cos ^ = (e* — a* — d*)/2«d 


(49) 

( 60 ) 
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Lastly, let 


|e, 

d. 

0, 0, 

0, 

d 




d. 

e. 

d, 0, 

0, 

0 



M„{d) = 

0 , 

d. 

e, d. 

0, 

0 

(61) 



0, 

0, 

0, 0, , d, 

£■> 

d 




d. 

0, 

0, 0, , 0, 

d. 

e 



There are n rows and ( olumns in is a particular case of Z/„ in which 

8 = d But in the case of 3/2„+, we require special treatment Expandmg 
in terms of the top row, we obtain 

Mn = 1 - + ( - 1 )«-i d" 

Inserting the values of and j, we find the result 


M^,, — — 4d*'*8in^«t^, 

(62) 


(63) 


in which, as usual, e = 2dcoB0 

The value of Jfjn ftgjecs with that obtained from L,^ when f = d It may bo 
added that the expansions ol these determinants show at once that all their 
roots are real, in the cases of Q, R, L and M it also shows that most of their 
roots are double 
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The electronic structure of some polyenes and 
aromatic molecules 

V — comparison of molecular orbital and valence 
bond methods 

By Cl W Whfland* 

{Communicated by J E Lennard-Jones, F R S — 

Received 24 Noi ember 1937) 

In the preceding papers of this senes (Lennaid Jones, Turkevich and 
Penney 1937) it has been found that the inolec ular orbital and valence-bond 
methods lead to values for the lengths of links in polyenes and other mole 
cules in satisfactory agreement with eac h other, in fact it may be said that 
in most of the applications of these methods to problems of molecular 
structure the two methcxla are found to agree, in a roughly quahtative wa> , 
with each other and with exjieriment (Wheland 1934) Since the approxi- 
mations involved in the two cases are ot quite different natures, this fact 
suggests that both treatments are actually rather more reliable than might 
have been anticipated m view of the mathematical a])proximations necessary 
in both methods It is, accordingly of interest to examine in some detail 
the examples in which definite discrepancies do occur, in order that the 
factors responsible may be determined In the present paper this will be 
done for cyclobutadiene, C4H4 For purposes of comparison, a brief dis- 
cussion of ben7ene will bo gi\ en as well, in order that the difl'erences between 
the two molecules may be brought out more clearly 

In both the valence-bond and the molecular orbital treatments wo shall 
introduce the usual simplification (Huckel 1931) of neglecting all the 
orbitals that are symmetneal with respect to reflexion m the plane of the 
molecule These either belong to the K shells and so are not concerned in the 
bmding or else merely contribute a constant additive term to the total 
energy (in neither case does their neglect seriously affect the following 
discussion) The problem of C4H4 reduces, accordingly, to one of four elec- 
trons, which are to be assigned to orbitals that are antisymmetric to such 
a reflexion In the valence-bond treatment, one electron is assigned, with 
suitable spin, to each of the four atomic orbitals (the molecule bemg 
assumed to he in the xy plane), and these are then allowed to interact with 

* Foreign Fellow of the John >Simon Guggenlieim Memorial Foundation, 1936-7, 
temporarily at the Umvorsity Chemical Laboratory, Cambridge 
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each other in different ways The binding is, accordingly, considered to be 
purely covalent The subsequent calculation leads to the result that the 
ground state of the molecule is a singlet with energy Q + 2a, whereas the 
lowest tnplet state has the energy Q Q ib here the coulomb integral 
(abed I H I abed), and a is the single exchange mtegral between two adjacent 
Pc orbitals, 

(abed I U I bacd) = (abed \ H \ acbd) = (abed \ H \ abde) = (abed \ H \ dbea), 
while a, b, c and d represent the orbitals taken in order round the ring * 
This result is based upon the assumption that all exchange integrals of the 
energy except a and all exchange mtegrals of umty can be neglected If 
the molecule possessed one of the Kekule-like structures 


/’-A 

H/ \H 


its energy to the same approximation would be (^ + a The difference between 
these two quantities is termed the resonance energy and is equal simply to a 
In order to obtain agreement with the observed resonance energies of a 
number of other hydrocarbons, it has been found necessary to set a equal to 
about - 1 5 e volts (Pauling and Wheland 1933) 

In the molecular orbital treatment, the procedure is to assign the four 
electrons to various molecular orbitals, which are not oonhned to individual 
atoms but are allowed to extend over the entire molecule It is convenient 
to assume that these can be approximated to by hnear combinations of the 
atomic Pc functions, a, b, e and d, so that 

with numencal coefficients etc Wlien the variational method is apphed, 
the orbitals and their corresponding energies are found to bef 
V^i ~ ^(tt + & + c+ d) Wj = 9 + 

1^2 = + b — e—d)w^ = g, 

= \(a-b-e+d)\o^ = g, 

V^4 = \(a — b + c—d)w^ = g — 2p 


• These equalities are dependent upon the assumption of a square molecule 
•f In tliesjp and in all the followmg expressions of the same type, the numerical 
coefficients multiplymg the wave functions are of such magnitude as to normalize 
them, provided that the various atomic orbitals are themselves normalized and 
mutually orthogonal The first condition w satisfied in general, but the second is not, 
so that the resulting functions are not actually normalized It is useful, however, 
to retaui the coefficients 
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(Since and are degenerate, any two independent linear combinations 
of them could be used eis well ) The coulomb integral, g, is equal here to 

(a\H'\a)^{b\H'\b)^{c\H’\c)^(d\H'\ d), 
while the resonance integral is equal to 

{a\H'\b) = (h\H'\c)^(c\H'\d)^{d\H'\ a) 

H'laa, one-electron Hamiltonian operator which refers to the sell consistent 
field In deriving the above equations for the and the w'a, the approxi- 
mation heis been made of neglecting all resonance integrals except and 
of treating a, 6, c and d as mutually orthogonal Two electrons are now 
assigned, with opposite spins, to the most stable orbital, and the 
remaimng two are assigned to and This can be done m four different 
ways so as to produce one triplet and three singlet states To the present 
approximation, all of these have the same energy, 4p + 4/?, equal to the sum 
of the energies of the occupied orbitals (those orbitals being counted twice 
that are occupied twice) If the molecule possessed one of the Kekul6-like 
structures, the occupied orbitals would have to be taken as 




= 9 + P 

and 

ft ^ J2^c-|-d), 

«’6 = y+A 

or else as 


= g + 

and 




In either case, the energy would agam be just Ag + 4y?, so that the calcu- 
lated resonance energy is zero, in serious disagreement with the result 
obtained by the valence bond method One might have expected to find 
here a resonance energy of about 1 S/S, since the results of similar calculations 
by the two methods for other molecules are generally in entirely satisfactory 

agreement ifyJ 18 set equal to about ^ a or about —0 85e volt (Wholand 1934) 

At first sight, the molecular orbital treatment seems to be the better of 
the two in this case, smee cyclobutadiene, unhke the similarly constituted 
benzene, is apparently too unstable to exist This fact can be correlated 
with the calculated lack of resonance energy The argument js not con- 
clusive, however, because the strain in the four-membered ring must be 
enormous A detailed analysis of the problem by Penney (1934) has, in 
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fact, shown that this effect alone is probably sufficient to account for the 
facts 

A more successful hne of attack is suggested by the fact that the present 
sort of disagreement is entxmntered only in the cases m which the molecular 
orbital treatment finds the ground state degenerate For cyclobutadiene, 
it will be remembered, there were three different singlet states with energy 
4^ + 4/? It is natural to suppose that these may interact strongly with each 
other, so that at least one is greatly stabibzed The molecular orbital treat- 
ment does not provide a method for estimating the magnitude of the mter- 
aetion energy, but the following considerations prove illuminating The 
molceular eigenfunction for the one ot the three singlet levels arising from 
the configuration can be expressed, after being made antisymmetric, 
in the form of a determinant 

ci,^ = --L v^i(i) ^(1) ^(1) 

f,{l) ^,(2) 

^3(3) V>^3(3) 

fiW V^2(4) v'/2(4) 

_ ^ 

“ 16(4l)‘ 

(a + 6-l-c-Frf)(l) {a + T) + c + d){l) {a + h-r-d)(l) {a + b-c-d){l) 

{(t + 1) + c + d) {2) (a 4- 6 -f c -f d) (2) {a + h — r — d)(2) {a + b — c — d)(2) 

(a + b + c + d)(3) (a + b i-c + d){"i) (a + b-c-d)(3) (a + b-c-d)(3) 

I (a-t-6-f-c-+ ii)(4) {d-i b + c + d){4) {<i + b-c-d)(4) (d 4-6 -c -rf) (4) 

The orbitals over w hich bars are draw n, as ^i( 1 ), are associated w ith negative, 
and the others with positive spin, so that ^i(l) represents V^i(l)/?(1), V^i(l) 
represents ^i(l)a(l), and so on By addmg and subtracting columns, we 
do not alter the value of the deterinmant, but we can easily change its form to 

(« + «')(l) (« + 5)(l) (<- + d)(l) (c4-d)(l) 

4(4')* ^a + b){2) (d + b)(2) (c + d){2) {c+d){2) 

(a 4- 6) (3) (d4-6)(3) (c4-d)(3) (c + 5)(3) 

(a + 6) (4) (fr4-£)(4) (c4-d)(4) (c-fd)(4) 


(4')* 


M ^*( 2 ) ^,(2) f^2) 
M ^.(3) M i^~(3) 
M W4) 1^(4) 
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<I>i, therefore, represents simply the Kekul6-hke structure m which the double 
bonds he between the atoms a and b and between c and d In the same way, 
the function, Oj, ansmg from the configuration, , i/r^, is seen to represent 
the second Kekul^-hke structure, since it can be equally well derived from 
the configuration, The interaction between <l>j and is, therefore, 

just the resonance between the two Kekul6-like structures The reason for 
the apparent lack of resonance energy is now clear, the molecular orbital 
treatment simply neglects it The valence-bond treatment, which deals 
with it exjihcitly, takes the calculation to a higher degree of approximation 
and presumably provides the more trustworthy result 

The same considerations also show the reason why Lennard-Jones and 
Turkevich (1937) found that the bond distances m cyclobiitadiene should be 
equal alternately to those characteristic of jmre single and pure double 
bonds Any treatment, in fact, whuh neglects the resonance between the 
two Kekul^-hke structures would necessarily lead to that answer In this 
connexion, it may bo mentioned that, when the analogous ( alciilation is 
earned through by the valence bond method, all carbon-carbon distances 
are found to be equal to each other and very nearly equal to that in benzene 
It should not be necessary to give the details of the ( alciilation heie, since 
the procedure is obvious and completely straightforward 

One further discroi>ancy in regard to the energy levels of cyclobiitadiene 
remains to be considered, and for this no < ompletely satisfactory solution 
seems to be possible To a first approximation, as we have seen, the mole- 
cular orbital method finds the ground state of the molecule to be foiirfokl 
degenerate and to consist of one triplet and three singlet levels When the 
next approximation is made of considering the interactions between these 
levels, the degeneracy is removed, as we have also seen, with the result that 
some are made more, and some are made less stable The difficulty lies in the 
fact that when this sphttmg of the levels is taken into account, the triplet 
IS found to he lowest The reason for this is the same as in the molecular 
orbital treatment of oxygon, the orbitals involved are orthogonal to each 
other, so that their exchange integral is positive In fact, when antisymmetric 
singlet and triplet functions, <I>3 and <I>4, resjiectively, are set up corre- 
spondmg to the configuration \jr^ ^3, the following relationslnps are found 
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(For reasons of symmetry, the functions, and Og, are not themselves 
suitable but must be replaced by the combmations (<I>i ± This has 

the effect of mtroducmg automatically the formerly neglected resonance 
between the two Kekul6-hke structures ) In these equations, 

= (Oi + Og I ^ I + <I>g)/((Di + 4), I <b, + (bg), 

and so on, where H is now the correct Hamiltoman operator and not merely 
the one refernng to the self-consistent field The functions <l> and y are 
defined as 

<f> = N(a-c), 

X = N(b-d), 

where N = . is a normalization constant It will be seen that the 

V2 - 2(a/c) 

integrals, etc , are all positive, so that the tnplet energy, 

Wip , 18 indeed the lowest, as stated above (It is necessary also to know 
soraethmg of the relative magnitudes of the integrals, since some occur with 
negative coefficients The order 

I rl I ^ |r!a i ^ i | 

seems reasonable In any case, there is no doubt that the first is the largest 
of the three — which is sufficient to insure that the tnplet state hes lowest ) 
The above equations are exact, since in their denvation no integrals have 
been neglected and the orbitals, a, b, c and d, have not been assumed 
orthogonal 

This result is directly opposed to that of the valence-bond treatment, 
which finds the ground state to be a singlet, with the lowest triplet lymg 
higher by — 2a or about 3 o volts Since the molecule is not known, the 
empirical test cannot be applied to decide which answer is correct All that 
can be done, therefore, is to examine the various wave-functions and deter- 
mine the relation between them 

Of the three singlet states, (4>i-f-4>g)/^2 is without question the highest, 
as 18 seen from the above equations This corresponds, in a manner to be 
described below, to the less stable of the two singlets found by the valence- 
bond treatment It is not certain which of the two remaimng singlet states, 
— and (bj, hes lower The first of these corresponds to the state 

which the valence-bond method makes the ground state, while the second 
corresponds to a state which the valence-bond method does not take into 
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account at all The function, oorresponda to the lowest tnplet state found 
by the valence-bond method 

Before discussing the nature, of this correspondence, it will be well to 
digress for a moment and to consider the relation between the molecular 
orbital and the valence-bond treatments of hydrogen, H, If the atomic Is 
orbitals about the two nuclei are designated as r and a, respectively, the 
approiomate molecular orbital involved in the normal molecule is (r -f s)/^2 
(There need be only one molecular orbital, since there are only two elec- 
trons ) The complete wave-function is, accordingly, 

2^2 I (r-h«)(2) (f + s)(2) I 
On expandmg the determmant, we find 

<I‘ = 2“i2Wl)r(2) + s(l)s(2) + r(l)s(2)4-s(l)r(2)}{a(l)/ff(2)-/?(l)a(2)} 

This function can be interpreted in terms of the valence-bond method as 
representmg resonance among the structures 

r“«+, r+s~ and r—a 

The (normalized*) functions corresponding to these structures occur with 
coefficients of i, | and 1 /^2 respectively 

In exactly the same way, the functions, + Og 

and can be expanded in terms of covalent and lomc structures The 
calculations are somewhat tedious, but the results are those given m 
figs 1-4 It is found that the purely covalent parts of the functions, 
(«I>i-l-®j)/^2, ((bj — «I>g)/^2 and are identical with the functions given by 
the valence-bond method for the upper and the lower singlet states and 
the lowest tnplet state, respectively, whereas dig contains no purely co- 
valent part The difference between the results obtained by the two methods 
must, therefore, be due to the effect of the partly or wholly lomc structures 
which occur in the molecular orbital but not in the valence-bond treatment 
It 18 not difficult to see why, if the ionic structures really are as important 
as the molecular orbital method makes them, the singlet state (<l>i - d)g)/^2 
of cyclobutadiene should be comparatively unstable The totally lomc 
structures of the type 

• Cf footnote, p 398 


VoL CLXIV— A. 
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+ 



1 

~ 2;^ 

+ +1 







Fio 1 The numbera in front of the structures give the magnitudes of the coefficients 
of the corresponding functions when these are normalized m the sense of the footnote 
on p 398 The signs of the functions are determined by the followmg convention 
Each function can be expressed as a sum of terms of the form ±;fclf(l)X(2) T(3)Z(4), 
where ^ is a positive constant , IT is an arbitrary one of the orbital functions, a, b, c 
or d, multiphed by one of the spm functions, a. ox and similarly for X, Y and Z 
There will be one such term m which the orbitals appear alphabetically, and tho spm 
functions come in the order This term is taken with the positive sign, and then 

the signs of all the others are detemuned by the exclusion prmoiple 





Fio 2 See legend to fig 1 
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Fio 3 See legend 


□' 

□. 

S' 


to fig 1 







Pig 4 See legend to fig 1 In each struotnre, two orbitals are neither involved m 

bond formation nor provided with a + or - sign, these orbitals are the ones which 
are coupled with parallel spin 
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occur with comparatively large coeffioienta, while the much more reasonable 
structures of the type 

are excluded on grounds of symmetry That this is not a general occurrence 
18 shown by the example of benzene, for which a similar expansion leads to 
the result shown in fig 6 In this case, the structures 




(U) (tt) $ ^ 

(ft) (6) (1ft (ft) 



(6l (6) (6) (6) 



Fia 6 — See legend to fig 1 This eigenfunction is formed by assigning two electrons 
with opposite spins to each of the three molecular orbitals, -^(o + 6 + c + d + e+/), 
1 

2 ^ {2a + b-c-2d~e+f), and l(b+c-e-/) The atomic p, orbitals are designated 
here as a, b, c, d, e, /, m order round the nng The numbers m parentheses below the 


structures give the numbers of equivalent structures of the type mdicated, which 
enter with identical coefficients 
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aiid 80 on, do indeed oocur, but their coefficients are much smaller than those 
of the covalent structures and than that of 

; 0 ; 

Moreover, the occurrence of resonance between 



for example, must contribute considerably to the stabihty of the molecule, 
since this can be thought of as resulting in the formation of a three-electron 
bond between the carbon atoms at the extreme nght of the figures The 
situation IS somewhat analogous to that obtaimng in the He^ molecule-ion, 
which can be considered to resonate similarly between the structures 
He He+andHe+ He (Pauling 1931) In the same sense, resonance between 



IB eqmvalent to a one-electron bond, analogous to that m the H^ molecule 
ion The importance of these observations hes in the fact that with cyclo- 
butadiene such one- and three-electron bonds can be formed (as with ben- 
zene) in the triplet state, 04, but not in the singlet state, (Oj - <l>j)/^2, 
because the necessary structures occur in the former, but not in the latter 
case This can be expressed m other words The molecular orbital treatment 
makes the singlet state of cyclobutadiene less stable than the triplet state, 
and relatively less stable than the ground state of benzene, because the 
resonance interactions among the ionic structures are less effective m the 
first case than m the last two 

It IS difficult to draw particular conclusions from these general consider- 
ations without actual calculation If the various lomo structures really are 
as important as the molecular orbital treatment makes them, then the 
ground state of cyclobutadiene must certainly be a triplet, if, on the other 
hand, they are as unimportant as the valence-bond treatment assumes, then 
the ground state must be a singlet Weinbaum’s calculations (S Wembaum 
1933) for H, tend to support the latter view, smoe he found that the coeffi- 
cients of the lomo terms were actually much smaller than those of t^ 
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covalent, and that, accordingly the molecular energy given by the purely 
covalent valenoe-bond function was better by several tenths of an electron- 
volt than that given by the molecular orbital function (L Pauling and 
E B Wilson 1935) There 18 no assurance, however, that this same situation 
would be encountered m more compbcated systems, such as those con- 
sidered here, and, consequently, we can come to no defimte conclusion It 
seems necessary, therefore, to leave open for the present the question as to 
the relative stabilities of the various spectrcKscopic states of cyclobutadiene, 
and also the parallel question as to the relative rehabihties of the valence- 
bond and molecular orbital methods 

The author is indebted to Professor Lennard- Jones for much advice and 
criticism in the preparation of this paper 

Summary 

The valence-bond and the molecular orbital treatments of cyclobuta- 
diene disagree m two respects The first treatment predicts that the 
resonance energy should be about — 1 6 e-volts and that the ground state 
should be a singlet, the second, on the other hand, predicts that the 
resonance energy should be zero and that the groimd state should be a 
triplet The first of these discrepancies is found to be a result of the fact 
that the molecular orbital treatment neglects the resonance between the 
two Kekul^-like structures The second discrepancy is found to be due to the 
effect of lomc structures, which are not taken into account m the valence- 
bond treatment, but which are made important m the molecular orbital 
treatment The resonance among these lomc structures is of such a nature 
as to stabibze the triplet considerably more than the smglet state A similar 
discussion of benzene shows that the ionic structures oontnbute to the 
stability of the singlet ground state m essentially the same way as to the 
lowest triplet state of cyclobutadiene 
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Introduction 

Observation and theory agree that the intemuclear separation of two 
carbon atoms linked together in a molecule may be anythmg between 
1 64 A, a distance characteristic of the single bond, and 1 20 A, the tnple 
bond distance Deviations from the single, double and tnple bond distances 
are especially to be expected when neighbourmg carbon-carbon links m the 
molecule are of different order An approximate method of calculatmg lengths 
of linkages in such molecules was given by Pauling, Brockway and Beach 
{1935). who also applied their theory to hnks involving atoms other than 
carbon Lennard-Jones (1937a), Lennard-Jones and Turkevitch (19376), 
and Penney (1937), in papers I, II and III of the present series, have gone 
into the particular matter of carbon bonds more thoroughly, and have 
considered in detail the molecules of benzene, butadiene, hexatnene, 
biphenyl and napthalene, and the crystal graphite Unfortunately, ex- 
tensive comparison with experiment was not possible because of the laol» 
of measurements, but in those cases where it could be made, namely 
benzene and graphite, the agreement was excellent 

Very recently, Robertson and Woodward (1937) have made careful 
X-ray analyses of crystals of stilbene and tolane, and have succeeded m 
determining with great accuracy the dimensions of the stilbene and tolane 
molecules * Their results are very interesting from a theoretical pomt of 
view because they offer the first possibihty of a stringent test for the theory 

* We wish to express otir thanks to Dr Robertson and Miss Woodward for in 
forming us of their results before publication 
[ 409 ] 



410 W G Penney and G. J Kynch 

As we shall explain, the dimensions of the stilbene and tolane molecules 
may be easily predicted when accurate calculations have once been made 
on the phenylethylene molecule, m which the essential feature is a single 
bond separating a double bond and an aromatic nng Bobertson and 
Woodward find that the length of the “single” bond m stilbene is 1 44 A, 
and 18 therefore very ranch shorter than the usual single bond Even shorter 
18 the “smgle” bond m tolane, the length being 1 41 A The theory which we 
develop gives by two different methods of approximation the values 1 44 A 
m stilbene, and 1 41 A in tolane In addition, we find that distances withm 
the nng are with high approximation the same as those m benzene, and that 
the O^C and C^C links are practically the same as the correspondmg 
Imks in ethylene and acetylene respectively These conclusions are also 
borne out by experiment 

When constructing a theory to represent the structure of a system such 
as — CjHj, one first assumes that most of the bonds are localized, and 

that the effect of these is the same as that of similar bonds in molecules where 
they alone are present There remam eight valencies, one on each carbon 
atom The net effect of these is to form a “hyper-bond”, whose bondmg 
strength is characteristic of the system, and is different from that of any 
classical bond structure The chief mathematical problem is thus to calculate 
the most stable state of an eight-electron system, the electrons bemg located 
m eight similar atomic orbitals of the carbon atoms Two methods of 
approximation are available, that of electron pairs and that of molecular 
orbitals Section I of the present paper is based on the first method, and 
employs the results previously obtamed in paper III , section II is based on 
the second method, and follows closely the calculations of papers I and II 


I Thk approximation of elkotbon pairs 

The energy W of the most stable state of a 2n-electron system, according 
to the pair method, may be obtamed by solving a determinantal equation 
of degree 2n '/«'(«+ 1)1, m which each element is a Imear combination of 
terms m W and the exchange integrals between the electrons, taken m 
pans The full equation, however, may often be simplified when the system 
under consideration has any symmetry Thus, the eight-electron system 
with which we shall deal is symmetrical about the central plane In this 
case, mstead of beginning with an equation of order 14, one of order 10 may 
be substituted The ten types of canomcal structure used for setting up the 
equation are shown in fig 1 Some of the structures, it will be seen, are 
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labelled by two numbers, the numbers refer to the structure shown and its 
mirror image in the central plane 

Because of the symmetry of the system about the central plane, there are 
only five mdependent exchange integrals Let be the accurate wave- 
function for the most stable state m terms of the wave-functions of the 
canomoal structures i 

= ( 1 ) 

in which the coefficients o< are all functions of the five diflFerent exchange 
mtegrals The secular equation resulting from the elimmation of the a^, of 



ID I IV V 


VI VS w 


XT M Xi 



XIV 


Fio 1— The fourteen canonical structures for phenyiethylene 

order 10, is too difficult to solve without introducing approximations As 
a first attempt we assume that all five exchange integrals are equal, and 
equal to J The equation is still of order 10, but now depends on only one 
parameter instead of five By an approximation of a different type, descnbed 
m the following paragraphs, this equation can be replaced, without appre- 
ciable loss of accuracy, by an equation of order 6 which can be solved as 
closely as desired We then have the energy IV as a numencal multiple 
of J, and can now obtain an approximate expression W for the complete 
wave-function of (1) 

As a better approximation, we take for the exchange integrals (J -t-a), 
(J + b), {J + c), (J + d) and {J + e), where a, b, c, d and e are small compared 
with J and refer to the link A, the link B, the hnks G, and so on 



412 


W G. Penney and G J. Kynch 

The energy of the most stable state, accurately to the first order m 
o, h, c, d and e, w then calculated by first order perturbation theory 

W = j I j J (2) 

The orders of the hnkages as defined in paper III then follow at once, and 
thence x„, rj,, x^, the lengths of the linkages A, B, E 

The approximations by which the full equation of order 10 m the single 
parameter J is reduced to a sixth order equation in J is as follows We 
assume that m the complete wave-function as defined by (1), the doubly 
excited structures IX, XIII all have the same a^-coefficient, and that 
the tnply excited structure XIV can be neglected altogether There are 
now only six independent parameters in (1) and their elimination leads to 
the sixth order secular equation already mentioned 



Pio 2 — The lengths of the links A, B, if are denoted m the text by x., x. 

Approximations similar ui nature to those just described, but more 
drastic m degree, have often been made by Pauhng and his collaborators, 
in order to solve the secular equations for systems much more comphcated 
than the one which we are at present considenng Thus all exchange m- 
tegrals in any problem are assumed equal and, for example, the equation 
for naphthalene, of order 16, is reduced to a cubic The stabihty of naphtha- 
lene and other even larger molecules as calculated from these simple equa- 
tions agrees very well with the thermochemical data The prmcfpal reason 
for this agreement is that the particular choice of the coefficients a^, obtained 
by solving the full equation m the smgle parameter J, minimizes the energy 
W as defined by (2) (For a proof of this statement see, for example, the 
book of Paulmg and Wilson (1935), p 185 ) For the most stable state all the 
a^B are positive Clearly, replacing each of the a^ for the set of similar excited 
structures by somethmg which is very nearly their mean, causes only a small 
error m W The effect is to replace those terms of (1) which refer to a par- 
ticular set of excited structures by a single term ft, the summation 
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being over the set, and o< being very close to the average value of the a^B 
for the set Those rows and columns of the secular equation m J referring 
to the 1 jr^B may now be replaced by a single row and column referring to 
Ei 1 jr^ The order of the secular equation m J has been appreciably reduced 

Mathematical details 

The wave-functions which we use as a basis for setting up the approximate 
sixth order secular equation are as follows 

iir^ = l + ll, f4-VI, 

ii'g = III -I- rV, = VII + VIII, 

i^3 = V, = IX-t-X-t-XI-fXII-l-XIII, 

where, for example, I means the wave-function for the canonical structure I 
The vanous elements of the secular equation 

I>et {H{k,l)-J{k,l)W}^0, 6,1 = 1 , 6 ) 

are as follows 

{ 1 , 1 } = if-J + ^-\b-h'2c + U^-2e-\W, 

{ 1 , 2 } = IJ + 2a-b + ^+d + \e-2W, 

{1,3} = y+a-^b+\c-¥2d-¥\e-W, 

{1 , 4} = f J + ia -I- -H Jc -I- d + ie - i If , 

{1,5} = ijLj + io + ift + c + d + e-flf, 

{ 1 , 0 } = + + + + 

{2, 2} = l^J^y-^ + 2c-d + 2e-\W, 

{2, z) = ^-\a-\b + c+d^-e-\W, 

{2, 4} = 2J + y + ^b + y + ^e — ^W, 

{2, 6} = 5d -f-o -(- 6 + Jc -l- ^e — If, 

{2, 6} = 5j^J + Si^i-l-6+Vc-i<i + VP-¥W". 

{3, 3} = id+a-^6-c-*-2d-e-lf, 

{3,4} = J + ^ + ^-ic+d- Je-ilf, 

{3, 5} = |d + ia + i6 -t-'ic + d Je - i If , 

{3,6} = ^J + ia + lb + c+id+e-iW, 

{4,4} = y-y + b-c + 2d-e-W, 

{4,5} = 2J-y + h-c+U + ^e- If, 

{4, 6} = ¥«^-i« + ¥*+ic+-yd + ie-¥H^. 

{5,5} = + + 2€-|lf, 

{ 6 , 6 } = 

{ 6 , 6 } = 
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To obtain a zero-order approximation of this equation m the special case 
= d = & = there are two obvious possibihties The first is to 
assume that in the complete wave-function (1), the a^-coefflcients of ijr^, 
ijft and are the same There results a cubic equation whose basis is 

^ 1 . + ft 

The solution of this equation is IT = 3 307 7 and the corresponding 
approximation to is 

'I' =fi + 0 3197(v5rjj-f- f 3 + ^^ + ^^) + 0 0629fg, 

W^dv = 7 760 

The other possibihty is that taken by Pauhng and Sherman (1933), and 
used as a basis {ft + fz) ift + ft)^ neglecting The energy then 

works out at 3 3062J, and the wave-function is 

W = + 0 U7S{f, + ft) + 0 U05(ft + fi), 

WWdv = 8 606 

At this stage it becomes clear why calculations as elaborate as the one 
we are describmg m this paper are necessary to find the lengths of the bonds 
The energy itself, because of the mmimum principle, is very insensitive to 
the choice of an approximate wave-function, but the correspondmg estimate 
of the contnbutions of the various bonds to the energy may apparently 
vary considerably Thus, by comparing (3) and (4), it is seen that a change 
of 26% in some of the leading coefficients changes the energy by only 
0 03 % By no means can one assume without close investigation that the 
coefficients of o, e are also insensitive to the same extent 

To find a more accurate value of W, and a better approximation to W, we 
make use of the variation principle Thus we improve on (3) by writing 
W= fi + {0 3197 + d)ft + 0 3197(iir3 + + 0 0629^^3, 

and evaluate IF as a power senes m 0, stopping at terms in (9® We now choose 
0 to mimmize W Similarly, the other coefficients may be adjusted in succes- 
sion, and the process repeated until finally a wave-function is obtained in 
which every coefficient is accurate to withm 1 % 

T =« ^1-1-0 4705^^3 + 0 436^^r,^-0 223^^4-1-0 303^^ + 0 003^^,'^ 

WWdv => 9 3278, W = 3 31901 




(5) 
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The value of W moluBive of first order terms in o, e may now be 
calculated from (2), and the resulting coefficients of a, e are accurate to 
the third decimal place 

W = S 319J + 0 878a- 0 0376 + 0 730c + 0 0Old + O 847e 

The orders of the hnkages p, And the corresponding lengths x, may be 
calculated as described m paper 111 The results are summanzed in the 
table 

Link ABODE 
p 1 919 1 309 1 577 1 634 1 616 

X 1 34 1 46 1 398 1 390 1 393 

Rougher approximations, etc 

We have calculated the lengths x by using the approximate functions 
(3) and (4) With (3) the lengths Xa to x^ m Angstroms are 1 34, 1 45, 1 400, 
1 375, 1 394 With (4) the lengths are 1 34, 1 45, I 400, I 383, 1 393 Both 
sets of results are extremely good, and are far better than would ever be 
expected from a superficial comparison of (3), (4), (5) However, errors of 
about 0 02 A are present One would therefore anticipate that approxima- 
tions similar to (3) or (4) for systems more comphcated than an eight- 
electron system may easily lead to senous errors Thus, the lengths of the 
hnkages in naphthalene as calculated m paper III may be in error by as 
much as 0 06 A Since the total vanation found in the lengtlis was only 
0 04 A, httle rehance can be placed on the detailed values More accurate 
calculations are clearly needed for this molecule 

Another interesting calculation is to find the lengths of the linkages by 
the method proposed by Pauhng, Brockway and Beach (1935) Using the 
three functions (3), (4) and (6), the A hnk m each case is 1 34 A, and the nng 
distances are very close to the benzene nng distance The values for the 
B hnk are I 48, 1 48 and 1 49, respectively These do not compare well with 
the expenmental value 1 44 m stilbene 


II — ThK OBBlTAL METHOD 

The orbital method provides a means of determining an approximate 
expression for^, the energy of the “mobile” electrons together with the 
vanation of the localized bonds, as a function of the intemuclear distances 
By mimmizing the equihbnum configuration may be found, and hence 
the lengths of the hnkages This hne of approach has been developed by 
Lennard-Jones and TurkeVitch m papers I and 11 of this senes, where the 
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method and nomenclature which we shall use is given m detail Our treat- 
ment 18 essentially similar, but is slightly more elaborate, as is now a 
function of five variables ar^, Xj, x^ instead of only one or two 
As m paper I, we assume that the molecular orbitals may be wntten as 
the sum of the wave-functions of the mdividual atoms, with constant 
coefficients Cj, 

= (1 = 1,2, 8) 

From this equation in the usual way a secular equation is obtamed whose 
elements are functions of the resonance and Coulomb integrals 
/?(,, aj, ySe, «(,, a^, a^, which depend respectively upon the five unknown 

distances x^,, x^, x^ and x, (see fig 2) This secular equation is of the 


eighth order and has the form 

-E+x,. 0, 0, 

0, 

0 , 

0, 

0 

fiat -B 4*®a +*b» fi^t 

0 , 

0, 

0 , 

0, 

0 

0 , +2a„ 

0, 

0 , 

0, 

fit 

0. 0, A, 

Mg — E+Xf+cc^ 

fi*. 

0 , 

0, 

0 

0, 0, 0. 

Eg- 

E+a, 

i+«, fi.. 

0, 

0 

0. 0, 0. 

0. 

A. 

Eg-E+2a„ 

fit. 

0 

0, 0, 0, 

0 . 

0 , 

fit. Eg- 

E-t-X, + Xg, fif 

0, 0, /?„ 

0, 

0 . 

0 , 

fit, Eg 

-EJrag-¥X, 


To simplify this equation we make use of the symmetry of the system 
about a central plane Thus the introduction of zero-order wave-functions 
± (ft, ± 5 ^ 7 ) instead of and factorizes the equation into 

a sixth order equation and a quadratic equation, the quadratic being 

\ Eg — E + cc^+ccg j ^ 

1 fid + + I 

To solve the sixth order equation, we assume that the diagonal elements 
of the determinant are identical and equal to e This approximation is 
justified because the a’s are small compared with the j9’b, and the jS’b are 
later calibrated by oompanson with experiment as if the a’s actually 
were zero The expansion then gives a cubic equation m e* 

e*-e*(^+/?J + 2/8«+/S3 + 2/3*) 
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The roots of this equation are 

ef ^ i(JJi+j3t + ^^+^ + 2/Si) + AooeU^+27rr), (r-1,2,3), 
where A « fiS*. 

cos<?=^ 

5 - {/?S + /^ + 2/f?« + ^ + - 3(2/?»/9* +/?*/?* + 2;^^ + + 2/9*;?a + 

(7 = 108/?*/J?/3? + 2{/?*+/J?4-2yS«+/J3 + 2 /??)® 

The roots of the quadratic, with the same assumptions, are 

Let 6 , be the positive square root of el and so on, then e^, ti, are 
proportional to the various fi’a and these are negative Thus the four most 
stable orbitals have energies 

E, = EQ + 2a-e„ (r = 0, 1,2,3), 

where eg » and £ 3 , % are the above roots Each of these orbitals holds 
two electrons, and therefore the four orbitals together will absorb all the 
available electrons 

Physically we imagine these electrons to be placed in a framework of 
carbon atoms joined by single bonds and at a distance apart corresponding 
to a single bond After the electrons have been added, the framework has 
contracted so that these distances are now x„, x^, x^, x^, Xg Ckmsequently 
to obtain ^ we must add to the energy of the electrons in the orbitals the 
“energy of compression” of the C — C distances from the single bond 
distance 8 to the equihbnum distances This is assumed to be )k,(a; — «)*, 
where kg is one-hcUf the force constant for a single bond C — C distance, 
determmed from vibration spectra The total energy is therefore 

^ = 2'^Ef + k,(Xa — «)* + kg[Xi , — «)* + 2kg(Xg - «)* 

+ 2kg(x^ - «)* + 2kg{Xg - s)* 

The equihbnum distances are now found by making ^ a minimum with 
regard to the x^’s This is eqmvalent to solvmg the equations 

dx^ dXi dXi 


( 6 ) 
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Each of these contains one of the distances explicitly, and the int^prals 

We assume imtially that all the distances are equal, and hence ^e> 

etc (only the ratio of these integrals is required), and calculate the equili- 
brium distances usmg equations (6) Usmg these distances, we determine 
the resonance integrals as in paper I, and again calculate the equihbnum 
distances These in the second approximation were found to agree with 
those of the first approximation, except in the case of aij Further approxi- 
mations to Xft oscillated between 1 39 A and 1 48 A without converging 
However, when the mean of these, 1 44 A, was used m the calculations as a 
first attempt at Xf,, the same value was obtained in the next approximation, 
showing that the process was now convergent This example leads us to 
suspect that, m certain cases, successive approximations for the lengths of 
the linkages will only be convergent within quite a narrow range on either 
side of the true value 

The equihbnum distances were found to be 

a:„=134A, Xa = 1 377 A, 

Xi = 144A, = 1 374A 

= 1 374 A, 

The two distances x^, and X/, differ only by 0 01 A from the values obtained 
by the pair method, and the other distances by 0 02 A Smce the C — C 
distance obtained by Lennard-Jones and Turkevitch in paper II for the 
benzene rmg was 1 37 A, both methods agree that the distances in the nng 
are unaltered 

The small differences between the results of the pair method and of the 
orbital method has been suggested by Lennard-Jones m paper I as possibly 
due to an error in the double bond C — C distance To some extent this is 
confirmed, as Pauling and Brockway (1937), from new electron diffraction 
measurements, find 1 34 A for the double-bond distance, instead of the 
older value of 1 33 A This difference of 0 01 A covers the discrepancies 
between the lengths obtained from expenment and from the two theoretical 
methods 

Shlbene and tolane 

We have now shown by two mdependent methods that the lengths of 
the “single” bond m phenylethylene separating the double bond and the 
aromatic ring is 1 44 or 1 46 A, that the double bond is slightly greater 
(perhaps 0 01 A) than the double bond in ethylene, and that the nng dis- 
tances are the same as those in benzene Thus, the substitution of a nng for 
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a hydrogen atom m ethylene leaves the double bond practically unaffected 
The lengths of the hnks given above must therefore apply without modifica- 
tion to the stilbene molecule CH— CH CgHj As mentioned in the 

introduction, Robertson and Woodward ( 1937 ) from their measurements 
find exactly the values which we have obtamed 

Another molecule to which our results may be apphed is tolane 
CgHg C=sC CgHg The central hnk again must be practically unaffected and 
therefore of length 1 20 A To obtam the length of the “single” hnks we 
must consider an effect additional to those already discussed The length 
of a single C — X bond depends on whether the carbon atom also participates 
in three other single bonds, a double and a single bond, or a tnple bond Thus 
in the first case there is ap® hybridization, in the second ap* and in the third 
ap hybridization Because the a charge distribution is more compact than 
the p, or for some other cause not understood, the C — H hnk m — H is 
about 0 04 A shorter than it is in CH 4 or — C — H A fuller discussion of the 
effect 18 to be found in an article by Penney ( 1935 ) Accordingly, we anti- 
cipate that the “single” hnks in tolane are 0 04 A shorter than the corre- 
sponding links in stilbene, 1 e of length 1 40 A or 1 41 A Robertson and 
Woodward, in the following paper (p 436), find 1 405 A 

Phenylmethyl radical 

As a matter of interest, we have calculated by both methods of approxi- 
mation the internuclear distances in the phenylmethyl radical HjC CgHg 
The A hnk has now disappeared, and for the hnks B, C, D and E, we find 

a;6=138A, = 1 38A, 

=1 41 A, = \ 39 A, 

as a mean of the two methods 


SUMMABY 

Calculations are made to find the internuclear distances in molecules 
contaming the system C=C — CgHg The length obtamed for the double 
bond IS the same as that m ethylene, the nng distances are the same as 
those m benzene, but the “single” bond has the pecuharly short length 
1 44 A Similarly, m the system fesC — CgHg, the triple bond has a normal 
length 1 20 A, the nng distances are the same as in benzene, but the 
“single” bond has a length 1 41 A Measurements by Robertson an4 
Woodward on stilbene and tolane agree exactly with these results 
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The rotational energy-levels of a diatomic molecule 
in a tetrahedral field 

By H M CuNDY, Trtnity College, Cambridge 

(Communicated by J E Lennard- Jones, FR S — 

Received 24 November 1937) 

I — iNTBODtrCTION 

The rotation of molecules m fields with octahedral symmetry, which is 
an approximation to the fields in certain crystals, has been investigated by 
Devonshire (1936), in a paper in which he shows the types of the wave- 
functions for the general field of octahedral symmetry, and then obtams 
energy -levels for a particular field of this type 

In this paper we shall use Devonshire’s method to determine the form of 
the wave functions and energy -levels for the similar case when the potential 
field has not octahedral, but only tetrahedral symmetry, or complete (j4i) 
symmetry of the four-point group We shall again take a special form for 
the potential field, and show how the rotational levels split up as the field 
18 increased, and also how the field modifies the wave-fimctions corre- 
spondmg to the various levels 

This analysis might be apphed to the mathematically similar, though 
physically very dissimilar, case of the electronic energy -levels of tetrahedral 
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molecules such as methane, CH*, which are intractable by the Heitler and 
London method except m the ground state (Slater 1931) 


II — ^Rotational wave-functions 

We consider the rotation of a diatomic molecule m a field of potential 
energy V possessmg tetrahedral symmetry We shall call the tetrahedron 
of points on a unit sphere at which V has its mimmum value the fundamental 
tetrahedron, and the tetrahedron of pomts antipodal to these the conjugate 
tetrahedron Referred to the axes through the mid-points of opposite sides 
of the fundamental tetrahedron, the simplest spherical harmomc to take 
for the potential energy is P|(co8 6) sin 2^, which is the only surface har- 
momc of degree less than four having the reqmred symmetry (Bethe 1929) 
Referred to an axis of symmetry through a vertex this becomes 

10/V3 P§(cos(9)-hV2/(3V3) /i{co8(9)cos 30 

Takmg the first set of axes and choosing V = - K Pl(cosO) 8m20, we find 
that V has a minimum value of — lOK/^S at each vertex of the fundamental 
tetrahedron, a maximum value of 10 K 1^3 at each vertex of the conjugate 
tetrahedron, and a col with value zero at the ends of the co-ordinate axes 
Since V can also be written as 

- 30 if sin* 6 cos 0 sin 0 cos 0 


or — SOKxyzjr^, it is clear that K = 0 on the three great circles a: = 0, y = 0, 
z = 0 Fig 1 shows the orthogonal projection of the equipotential hnes on 
the plane z = 0, and fig 2 the comcal projection on the face x-i-y-hz = r/^3 
of the conjugate tetrahedron The projection on a face of the fundamental 
tetrahedron will be the same with the sign of K changed 

According to the general principles of the Theory of Groups, this special 
assumption of a particular form for the potential energy is sufficient to 
enable us to find the form of the wave-functions for any potential-energy 
function with the same symmetry For the wave-functions are solutions 
of Schrodinger’s equation for the diatomic molecule of moment of mertia I 




where F is a function of 6 and 0 with tetrahedral symmetry Since this 
equation is invariant under the operations of the four-point group T^, the 
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solutions must belong to representations m this group The following table 
shows these representations in the notation due to Mulhken (1933) 

Table I — Repkbsbntations of thb oeoup 


Type 

E 

Tt 


Ctiaracters 

E 3(7, diCt 6tOf 8C, 

11111 
1 1 - 1-1 1 

2200-1 
3-1 1 _1 0 

3-1-1 1 0 



ane * = 0 


Fio 1 — Orthogonal projection of the eqmpotentials on the pit 
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The rest of the work is brought mto line with that of Devonshire (1936) by 
noticing that there is the following connexion between the representations 
of the Tj and its associated 0^ group (Mulliken 1933, Table IV) 

TaBLK II COBHISSPONDENOB BETWEEN BBPBESENTATIONS OF 

AND GROUPS 

Tj At Aj E E T, T, T, 



Fio 2 — C!oiiioal projection of the equipotentiala on a face 
{x + y + z = r/-j3) of the conjugate tetrahedron 


Hence the expansion in spherical harmonics of a wave-function which is of 
type A I under the operations of the group wiU consist of terms which 
occur m expansions of functions of types Ai^ and under the operations 
of the corresponding 0^ group, and so on Fig 3 shows the fundamental 
and conjugate tetrahedra, together with the fundamental octahedron of 
the Oft group 



424 


H. M Cundjr 


As in the octahedral case, the solutions for F = 0 are the spherical 
harmonics, all the harmomos of degree I corresponding to the energy 
E = 1(1+1), this degeneracy is partially removed by the tetrahedral field, 
and the solutions spht up mto the following types 

Table III — Types of rotational wavb-fitnotions 
IN A tetrahedral FIELD 

1 I 

0 7 Ai + E+2Ti + 2T, 

IT, 8 Ai + 2E+2Ti + 2Tt 

2 E+Tt « Ai+At+E + 2Ti + STt 

3 Ai + Ti + Tt 10 Ai+At + 2E + 2Ti + 3T, 

4 Ai + E+Ti + Tf 11 ^i + 2B + 3r, + 3!r, 

6 E+Ti + 2Tt 12 2Ai + ^, + 2JS + 3ri+3T, 

6 4,+A, + itf+r, + r, 13 A, + A,+ 2ff+33’i + 4r, 



Pio 3 — A BCD IB the fundamental tetrahedron, A'S'C'D" the conjugate tetrahedron, 
and XX't'Y'ZZ' the fundamental octahedron of the corresponding 0» group 
OZ, OA are the polar axes used in Sections III and IV respectively 


When we come to consider the methods of solution of equation (1) 
that if we express the solution as a senes of surface harmomcs 


PPicoeO) 


oosm^ 
smnuj) ' 


find 
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it will contain either terms with m odd or terms with m even, but not both, 
this arises from the fact that V contains only terms with m even Hence the 
solutions divide off mto two types at once, those with m odd oaimot be 
further subdivided by elementary considerations of group theory, smoe, 
however, all the energy -levels can be found from the solutions with even m, 
the wave-functions with m odd do not lead to anything new, and we shall 
not consider them further The senes with m even can be partially separated 


by using the subgroup D^^ (compare Table IV, Devonshire 1936) into the 
following independent types 


Table IV- 

AND 

—Types of solution op equation (1) 

THEIR GROUP REPRESENTATIONS 

Ti 

Da 

Senes 

/4ior E 


aJ-|-njP5+ojF5-)-ojPjoos40 + 

-l-6}Pj8m20-H6jP;8in 20 + 

AfOrE 

j4i„and 5,, 

oj PI cos 20 + aj P\ coH 20 + (ij PJ cos 20 + oj PJ cos 60 + 

+ 6} PJ sm 40 + 6}P}Hin40 + 

Pi 

.4,, and 

of PJ cos 20 + oj PJ cos 20 + 

+ b\ PJsin 40 + b\ PJ sin 40 + 

Tt 

^,.and B„ 

0 } PJ + oJ PJ + aj PJ + aj PJ cos 40 + 

+ 6JPS8in20 + 6jPj8m20 + 

Ti or T, 

Eu and E, 

All terms with m odd 


In the series which belong to each of two ty^ies, some of the terms can be 
immediately separated, e g in the first senes the term og is clearly A^, and 
the term oj PJ is of tyjie E, but there will be two different combinations of 
PI and PJcos 40 which are of types and E respectively The combination 
of type Ai 18 that combination which Devonshire has shown to be also 
under the 0* group, viz Pl+j\-gP\cos^<f> The simplest way to find these 
correct hnear combinations in any given case is to multiply terms known 
to be of the given type by P|8m20, which is known to be of type A^, and 
hence the resultmg product is of the same symmetry type as the multi- 
plicand This leads to the folio wmg senes for the A^ type 

Po+PzPt 20 4- p 4 {PS + xlyPJ cos 40} 


H-Pel-PS- jic^cos 40} +p^{Plem 20 + ^^Pfsin 60} -t- 
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III — Enbroy-lbvels of particular equation 

We now consider equation (1) with the particular form of the potential 
energy V = —K P|(coa(9)8m2^, and we set out to find the eigenvalues 
of the energy E as functions of the parameter K There are throe methods 
open to us, corresponding to the three methods of Devonshire’s paper, viz 
the general solution in the form of an infinite determinant, the asymptotic 
solution for large (positive or negative) values of K, and a solution by 
successive approximation for small values of K We are thus able to approxi- 
mate closely to the lower energy -levels over quite large ranges of K Changing 
the sign of K merely amounts to interchanging the fundamental and the 
conjugate tetrahedra, and the whole diagram of energy-levels plotted as 
functions of K will therefore be symmetrical about K = d We proceed at 
first with the general method of solution 

We require to know the expansion of Pl(ooad)m.n2<j> 

in surface harmomos Since we are concerned only with even values of m, 
the anomalous case of to = 1 need not be considered, and we require only 
the expansions of P| Pf in terms of PJ*+* and Pj*-* These are obtamed by 
methods similar m all respects to those used by Devonshire, and therefore 
need not be set out here in full, the results obtained are as follows 


pt pm 15(1 TO -Hi) pm+t 16(1 3to 2) pm+t 

® ‘ (21+l)(2H-3)(21-f6) (21-1) (21-1-1) (21 + 5) 


15(14 - 3 TO-f 3) pm+2. 15(l + m) 

(21- 3) (214-1) (214- 3) (21- 3) (21- 1) (21 4- 1) 


( 2 ) 


PS 15(l-TO4-5)(l-TO -^4)(l -TO4-3)(l-TO-^2)(l-TO-^l ) 

® ' (21 4-1) (21 4- 3) (21 4- 6') 

16(1-to4-3)(1-to4-2)(1-to4-1)(14-to)(14-3to-2) 

( 21 - 1 ) ( 21 4 - 1 ) ( 21 4 - 6 ) 

16(l-TO4-l)(l4-TO)(l4-TO-l)(l4-m-2)(l-3TO4-3) , 

(21 - 3) (21 4- 1) (21 4- 3) 

15(1 4- wi) (l4-TO-l)(l4-»t - 2)(l4-TO- 3) (1 -I-to-4 ) , 

(21 -3) (21-1) (21 4-1) ^ ' 

We now write equation (1) m the form 

PSC=o.»).,n2^H . 0 , ( 4 ) 

where W = and k = Bn^IKIh^ 
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Then since the solutions split up as in Table IV, we take any one of the 
senes m that table, substitute it for ^ in the above equation, express every 
term as a sum of surface harmomcs, and equate to zero the coefficient of 
each separate harmonic This leads us to a set of equations between the 
coefficients a and 6 Eliminating the a’s and fi’s from these sets of equations, 
we obtain an infinite determinantal equation for W corresponding to each 
different type of solution m Table IV We then find an approximate solution 
of this determinant by taking only its first ten rows and columns, and 
solving it by means of Mr Matlock’s electrical calculatmg machine * 


IV — Asymptotic soiattion for K large 


We set out to find a solution m descending powers of for W and i/r This 
wiU converge for sufficiently large values of k From the physical standpoint 
it IS easy to see that it corresponds to oscillation of the molecule in one of 
the four potential hollows at the vertices of the fundamental tetrahedron 
This state of affairs can be expected to lontinue only if IF is less than its 
value at the cols separating the hollows, i e if IF is negative This gives a 
necessary condition of k for the expansion to be valid 

We begin by wnting equation (4) exjianded about an axis of symmetry 
through a vertex of the fundamental tetrahedron {OA in fig 3) It is 


Write z = {\O^JZ fc)* 8in®<?, and we obtain 






-|*V) 


+ f + (»' + 10tW3)(i' + 0(<!-*) = 0 (6) 


Now if we put v, we find 

(I0V3.)*(4zS.4(,-z)g.l|^,-2u) 

-j4z>«g+2z(3-2z)| + (fz*-3z)t;} 

+ cog + lOi/VS + 0(ifc-^)| t; = 0 (7) 

* This machine, which is fully described by Mallook (193a), has now been pur 
chased by the Mathematical Faculty at Cambridge 
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Now let t, = /„ + il'-i 4 + k'-i A + . 

If = -^' + r* a + k'i a'+a^+k'-i aj + ifc'-* 0 ^+ , 

where k' = I0y/3k 

Substituting these expansions in the differential equation, and equating 
coefteients of powers of k', we obtain a set of equations the first three of 
which are as follows 

«(/.) - + - ». (*A) 

Qifi ) + (“' + 3 ^2 ** /o = ® ) 

~ 1^*' £ I + ■ “») ^0 

+ {o'+^2‘co8 39ijA = 0 (8C) 

The first equation is identical with equation (22 A) of Devonshire’s paper, 
and it 18 there shown that a solution which is single-valued and small for 
large values of « is expansible in the form 

A = 2 {b^cmm^ + c^amm^}, 

where r, m are positive integers and r'^m, and the following conditions are 
fulfilled 

2r-m = n, o = 2(n-t-l) 

L”(z) IS the associated Laguerre polynomial defined by the formula 

Hence if we fix n, and substitute for a and A m equation (8B), we obtain 
Q(h)-ll4(z) (ilfco8p<i-f-A|>smp^) = 0, (9) 
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where the coefficients gf and hf are linear functions of the 6’s and c’s obtained 
with the use of the recurrence formulae 

= (r-m + 3)(r-m + 2)(r-m+l)L;!‘-»-3r*(r-w + 2)(r-7n+l)2/”_-i® 
+ 3r«{r - 1 )* (r - m + 1) !,?•_-,» - r*(r - 1 )» (r - 2)» L?*-,®, 

1 l/n+a 

(r+l)(r+2){r + 3) ’■+* ’ 

^'^ = (7TTf(.+2) 

= Li+i + 3r(r-l) XJ-3r*(r-I) L}., 

+ r*(r-l)® XJ-a. 


which are all easily found Jby differentiation and successive application of 
well-known relations 

The particular integral of the equation (9) is at once seen to be 


= (gfcoep<P + hfsmp^), ( 10 ) 

the summation being carried out over all terms for which 2s-p + n, 
together with terms with loganthmic singularities at the origin arising from 
those terms for which 2a-p = n But since we require that shall be fimte 
at the ongm, the coefficients of all these terras must vanish This leads us to 
2n -f 1 linear equations between the 2n -f- 1 coefficients b”' c™ In this case, 
however, an mspection of the recurrence formulae reveals the fact that the 
m of all the terms ansmg from the terra z* cos will be of opposite 
parity to the wi’s occurrmg in/g, which are all of the same parity, viz that 
of n Hence the only terms for which 2a— p = n must have a p of the same 
parity as n, and must therefore arise from the term b'/q, the above 2n-|- 1 
equations are therefore all eqmvalent to the single equation o' = 0 

We now apply the procedure agam to equation (8C), and putting in the 
values of a and o', and remembermg that Qif^) = 0, we find that it can be 
written as 

^(•^i)"(^*^-^“*(^” + 3)H-j2*-ao}/o + ^2*co8 3<5 /j = 0 (11) 
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Hence Q{fi) is given in terms of known quantities for any given and the 
same reasomng as before leads us to a determinantal equation for 
Beyond this the jirocoss becomes very laborious even m the simplest oases 
The work is simpbfied by the observation that the successive /’s must all 
belong to one or other of the foUowing classes, the equation (7) and the 
recurrence formulae being of such a nature that all the polynomials entenng 
into the work are confined to the class in which the imtial ones are taken to 
he (see Table V) The solutions are all degenerate m sets of four and eight, 
correspondmg to ^ being small except near one out ol four potential mimma , 
physically also it is clear that the molecule will have the same energy for a 
given type of oscillation about any of its four equihbnum positions If we 
take these degenerate sots of solutions together, we can determme their 
characters under the ofierations of the tetrahedral group, and hence find 
the symmetry classes which combine to form these asymptotic solutions 
We thus find the types of energy curves which tend asymptoticaUy to the 
value found by this method 


Table V — Classes op asv mptotto rotational 

WAVE FUNCTIONS tOE LARGE k 


Solution 

2'?J" 

Lj'"^‘co8(3m± 1)^1 
1 • Hin(3wi ± 1 ) ^ / 


Ti representation 
di+T, 
di+Tj 

£’ + + r, 


It 18 not ]X)B8ible to give a general formula for the value of Oq, but there is 
apjiended a table which gives the first three terms in the asymptotic ex- 
pansion of W for low values of n The expansions cannot even be approxi- 
mately vahd unless k is large enough for W to be negative 


Table VI — Asymptotic expansion Oh W for large values of k 


w 

-10Jfc/V3 + 2(10V31fc)»-lJ 
-10*;/^ + 4(10V3ifc)*-45 

- 10fc/V3 + 6( 10 V3ifc)‘ - 7 J 

- lOk/^S + 6( 10 V3Jfc)* -Hi 


Symmetry class 

JB-t-Ti + r, 
E+Ti + Tf 
Ai+T, 


Since the whole energy diagram is symmetrical about k 0, the same 
asymptotic expansions will hold for k lai^ and negative if we write — i for A; 
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We now consider the case where the field is small enough to be treated as 
a small perturbation, and the molecule is approximating to the free rotator 
with energy levels W = l{l+ 1) 

We take the equation in the form 

where V = - k /^(cos d) sm 2<p 

A t72 I 2 / /I S \ 1 9* 

8in0 W\ dO) Bin*0 8^* 
and write W = l(l + 1) + R, heilbe obtaimng 

{V* + /(i+l)}i5r = (_/?+f/)^ (12) 

We now solve this by Picard’s method of successive approximation, first 
of all neglecting the right hand side, and obtaimng 

V^i ® •PTcosto^J + J^'ot ^Tsinm^, (13) 

where the a’s and 6 ’b are arbitrary constants, next wo substitute in the 
nght-hand side of equation (12) and a.dd a further term 

Ta"' + Pfsinwi^, 

so that all the surface harmonics of degree I are cancelled, and the second 
approximation rjr^ is then finite at the pole It is given by a sum of har- 
monics, remembering that 

+ = '^Pk PTcosw^-i- 2?? Pk«aim^ 

k,m k Vi 

has particular integral 

pm 

* ".2 

Hence we obtam in succession the approximations Adding 

together the equations satisfied by successive approximations, we find 

{V^ + l{l+l) + R-U}2^, 

= -(-jR + C7)vfr,-h2P7*|co8m^6 2 a”-i-8inTO56 2 y?r| (1*) 
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Now 2}^", satisfy equation (12) if it is convergent, and from this last 
equation a necessary condition for this is that 

2 aj* = 0, = 0, for all m 

«-i »-i 

These are 11 + I hnear equations in the o’s and b'a, and also containing R (not 
necessarily hnearly) , hence the eigenvalues of R are found from the deter- 
miiiaiital equation which m the ehmmant of the a’s and b’» As before, the 
tyjies of solution fall into the classes given in Table IV, which simphfies the 
work considerably We append a table giving the first two terms m IT (i e 
the first term in R) which gives the form of the parabola in which the energy- 
levels plotted agamst k cross the axis k = 0 

Table VII — Asymptotic expansion of W iob 


small values of the parameter k 

1 

w 

Symmetry ( 

0 



1 


r. 

2 


E 


® + /A** 

r, 

3 

12-tVs** 

At 







4 

20+i\%k* 

Ai 


2® ~ iV 0*1 

E 


20 -.Vo*’ 

Ti 


20-^". A*’ 


6 

JA I Oft 1.1 

E 





30-0 2137I:*! 
30-(-0 32I4/fcM 

2r, 


VI — General results 

Table VIII gives the values of IT calculated on the Mallock machine, 
using the method of Section III, for different values of the paramater k 
From this table the diagram of fig 4 has been plotted, showmg the sphtting 
of the energy-levels as I; is mcreased Fig 4 also shows the asymptotic 
values for large k, found as in Section IV, and it will be noticed that there is 
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a good fit between the curves found by the two methods m that part of the 
diagram where the asymptotic values have any meanmg, i e for IF negative 
The shght divergence of some of the curves from the asymptote as k increases 
is attributable to the failure of the approximation of taking only ten rows 
and columns of the infinite determmant This is particularly the case with 
the representation T„ where the large number of terms of low order involved 
(see Table IV) and the necessary extraction of six roots as against three of 
each other representation caused the higher roots to crowd down and the 



fc = 0 

1 

Table VIII— IF fob values of 1 

2 33 & 66 

10 

Asymptotic 

fc=lO 

^1 

0 

-0 690 

-2 608 

-6 42 

-12 35 

-18 9 

-33 0') 

-33 19 

T, 

2 

0 925 

-1 68 

-583 

-12 07 

-18 63 

-32 65 

-33 19 

E 

0 

5 84 

6 33 

4 13 

1 02 

-I 66 

- 10 35 

-9 635 

Tt 

(i 

6 01 

6 68 

4 52 

1 65 

-1 

-12 

-9 615 


12 

11 577 

10 428 

8 30 

6 3 

0 58 

-86 

-9 535 

Ax 

12 

1185 

11 48 

10 9 

10 0 

89 

6 I 

10 12 

2’, 

12 

12 446 

13 340 

14 40 

13 7 

12 8 

10 3 

10 12 

^1 

20 

19 78 

19 20 

19 

18 9 

19 6 

20 IT 

_ 

E 

20 

19 65 

19 38 

18 8 

16 62 

15 30 

10 5 

13 45 

Ti 

20 

20 19 

20 66 

20 75 

20 26 

178 

12 

13 45 

Ax 

20 

20 61 

22 22 

24 94 

28 16 

10 9 

32 6 


Tx 

30 

29 71 

29 694 

29 08 

T 

21 

16 9 

13 45 

Tx 

30 

29 96 

30 22 

29 8 

28 9 

30 6 

312 

_ 

E 

30 

29 86 

29 70 

30 6 

26 9 

25 3 

T 

_ 


30 

30 285 

31 102 

32 93 

10 8 

27 3 

? 

- 


maohme to become unstable 

Hence the readings at /I = 10 for must be 


treated as only very approximate and for this same reason the readmgs 


at I = 10 of the and E branches emanating from IF = 30 could not be 
taken at all, and the top points of the T, and branches must be treated 
with caution The A-^ and E determinant (corresponding to the first wave- 
function of Table IV) was factorized for the 4i terms before setting up on 
the machine, in this case only a fifth order deternunant was needed, which 
greatly simplified the working of the maclnne 
The coefficients in the wave-functions have also been tabulated, but only 
for the lower levels, and for the functions with even m * 

The error in the energy is much less than that m the wave-function, and 
can be taken as less than 1% in the region where k and IF are both small, 
on the other hand, the machine itself has given readings divergent tiy as 

* This table is too cumbrous to include hero, but mil be readily supplied on 
application to the author or to Professor Leonard Jones at the University Chemical 
Laboratory, Cambridge 
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much as 6% for k large and in the region of a near approach of two energy- 
levels belonging to the same representation 



I here desire to thank Professor Lennard-Jones for suggesting this pro- 
blem in the first place, and for valuable help, advice and elucidation given 
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during the work, Dr A F Devonshire, for many hints on the apphcation 
of the Group Theory to the work, Mr R R M Mallock for personal m- 
struction in the use of his machine and the Royal Society for a grant 
enablmg me to make use of it 


Summary 

It IS shown by general pnnciples of the Theory of Groups how the 
Schrodmger equation may be solved for a diatomic molecule, when the 
potential energy vanes with the angular co-ordmates m such a manner 
that it has the symmetry of the regular tetrahedron Infinite senes for the 
wave-functions are given, and the energy-levels and correspondmg wave- 
functions evaluated for a particularly simple potential-energy function of 
the given type Three methods of obtammg these levels are descnbed, two 
of which are asymptotic approximations, and the third mvolvos the use of 
the Mallock electnc calculating machine A good agreement is obtamed 
between the three, enabling a plot to be made of the energy levels over 
wide ranges of magnitude of the potential energy term 
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X-ray analysis of the dibenzyl series 
V — Tolane and the triple bond 
Bv J Montkath Robertson, M A , D Sc and I Woodward, M A 

{Commumcated by Sir William Bragg, O M , P R 8 — 

Received 27 November 1937) 

The detailed structure of stilbene has recently been described (Robertson 
and Woodward 1937) and a theoretical discussion of the resonance problem 
in that type of molecule is now given by Penney and Kynch (1938) 

The crystal symmetry and dimensions of a number of compounds are 
closely similar to those of stilbene, and it is possible to make use of this 
isomorphism to carry out a very direct analysis of these other structures 
In X-iay analysis it is generally necessary in the first place to assume some 
model for the structure and then adjust the parameters by a process of 
tnal and error until a fair measure of agreement is obtamed between the 
calculated and the obsei ved values of the structure amphtudes Subsequent 
refinement of the parameter values can then be attamed by the application 
of Fourier senes methods With an isomorphous senes of the present land, 
however, when the structure of one member has been accurately determined, 
it IS often possible to ehminate the first and most laborious part of the 
analysis for the other members, and jiroceed to the solution directly by the 
successive apphoation of Founer senes methods 

This process has been apphed in the present analysis of tolane It is 
found that the intensities of the more outstanding X-ray reflections are 
similar to those of stilbene, but the agreement soon falls off when the higher 
orders are reached A prehmmary Founer series was accordingly set up, 
with the stilbene phase constants, from which the terms correspondmg to 
the weaker and rapidly changing reflections were omitted The summation 
of this senes gave a rough picture of the structure, from which the atomic 
positions could be estimated A recalculation of the structure factors from 
this data then enabled a more complete senes to be formed, and so the 
smalysis was completed, without the use of any molecular model or assump- 
tions denved from the chemistry of the compound Details of the analysis, 
with co-ordinates, etc , are given in a later section 
[ *36 ] 
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The aTEHOTHRE OF THE TOLANE MOLBOULB 

As in the case of the stilbene structure, two separate tolane molecules 
make contributions to the asymmetric umt of the crystal, and the structures 
of these two molecules are deduced independently from the X-ray data 
Each of these molecules has a centre of symmetry, at (000) and (OOJ), and 
the umt cell is completed by two other molecules, at (^^0) and (i ^ i ), derived 
from the first two by reflections in the (010) plane, or, alternatively, by 
rotations of 180° about the h-axis, together with certam translations 

The final results of the X-ray analysis for the two independent molecules 
are shown m the electron density maps of figs 1 and 2, while fig 3 shows the 
way m which the molecules are grouped together m the crystal These are 
all projections of the structure along the 6-axi8 of the crystal, the direction 
which IB found to give the best resolution of the individual atoms The 
diagrams should be compared with the correspondmg ones for stilbene 
(loc ctt ) and for dibenzyl (Robertson 19350) 

The particular interest of the tolane structure hes in the effect of the 
triple bond between the central pair of carbon atoms Even a rough inspec- 
tion of the diagrams, especially fig 2, is sufficient to show that a stnctly 
linear structure has now been imposed on the central part of the molecule 
In dibenzyl, the angle of the central zigzag was 109- 1 12°, in stilbene (double 
bond) it was 128-133°, and in tolane it can now be shown to be within 2° of 
180° 

To obtain the true dimensions of the molecules it is necessary first of all 
to calculate their onentation in the crystal, and reduce the diagrams to 
normal projections This is done in the next section, but we may note here 
that as no other favourable projections of the structure can bo made, the 
interatomic distance in the benzene nng is first assumed to have the standard 
value of 1 39 A, and the orientations are calculated from this assumption 
The results are then checked, and the linear structure of the molecule con- 
firmed, by calculating the more important intensities in other zones of 
reflections from the coordinates obtained The final results show that the 
difference in appearance between molecules 1 and 2 is due to a shght 
difference in onentation, and not to any inherent difference m shape or 
dimensions The single model which represents both molecules is shown 
in fig 4 

For the carbon-carbon tnple bond distance we obteun the value 1 19 A, 
and for the “smgle” bonds connecting these carbon atoms to the benzene 
rmgs we obtain the unusually small value of 1*40 A These figures are 
probably correct to within 0 02 A 


29-2 
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There does not appear to be any other X-ray work on compoiinds con- 
taining a triple carbon-carbon bond, but the dimensions of the acetylene 
molecule have been detemimed very accurately by the analysis of band 



Fig 3 — Group of toJane molecules m the b axis projection 
Each line approximately one electron per A* 



Fig 4— Dimensions of the tolane molecule 


spectra (Mecke 1930, Herzberg, Patat and Spinks 1934), and the value 
obtained for the triple bond distance is 1 199 A, m good agreement with our 
result We might, however, have expected the tolane tnple bond distance 
to be a little greater than the acetylene value, on account of the contribution 
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which excited structures, with a double bond between the central carbon 
atoms, must make to the normal state of the molecule Instead, our value 
18 less, if anything, than that obtained for acetylene It should be noted 
that the distance m acetylene, obtained from the moment of inertia, gives 
accurately the distance between the carbon nuclei , whereas the X-ray method 
deals essentially with the electron distribution It does not seem unlikely 
that there might be a small difference in the result as given by these two 
methods, especially with a triple bond, due to a small inward displacement 
of the average electron distnbution This effect, if appreciable, would tend 
to make the X-ray value for the distance somewhat smaller than the 
spectroscopic value • 

The “single” bond distances of 1 40 A connecting the central carbon 
atoms to the benzene nngs, can be compared with the corresponding dis- 
tances in stilbene of 1 44-1 45 A The presence of the tnple bond apparently 
causes an extra contraction m the length of this link amounting to between 

0 04 and 0 05 A, a result which it is difficult to account for in terms of the 
usual resonance phenomenon in aromatic and conjugated systems It 
would appear rather to be due to a certain increase m the a character of the 
remaimng orbits of the carbon atoms, after the formation of the tnple bond, 
the contraction being of approximately the same amount as that found for 
the carbon-hydrogen distance in passing from methane (1 093 A) to acety- 
lene (1 058 A) (Oinsburg and Barker 1935, Herzberg, Patat and Spinks 
1934) Further, in methyl acetylene the terminal carbon-carbon distance, 
adjacent to the tnple bond, has recently been shown to have the abnormally 
small value of 1 46 A (Herzberg, Patat and Verleger 1937 , Badger and Bauer 
1937) The matter is further discussed by Penney and Kynch (1938) 

Analysis of the structure 
Crystal data 

Tolane — Cj4Hi(,, M = 178, melting point, 60° C , density, calculated, 

1 134, monoclirac pnsmatic, a = 12 76, 6 = 6 73, c = 16 67 A, = 116 2° 
Space group, C|a (P 2i/a) Four molecules per unit cell Molecular sym- 
metry, centre Volume of the umt cell = 1036 A® Absorption coefficient 
for X-rays, A = I 64, /t = 6 91 per cm Total number of electrons per umt 
cell = F(OOO) = 376 

Structure factors and Founer ayntheata 
The measured values of the structure factors for the (hOl) reflections and 
the phase constants (or signs) employed in the final Founer synthesis are 



442 


J. M. Robertson and I Woodward 


given in Table I The absolute soale of these factors was obtained by corre- 
lation with the stilbene and dibenzyl values For the sake of brevity, the 
spacmgs of the planes and the calculated values of the structure factors, 
which determine the signs, are not listed The latter may be obtamed from 
the co-ordmates of the atoms given in Table II by means of the relations 
F{hOl) = 316fcB S(hOl), 

I48(h0l) — S co»2n{hxlaJflzlc), 

the values of Jrn being taken from the average atomic /-curve for aromatic 
hydrocarbons (Robertson 19356) and the summation being taken over the 
fourteen atoms in the asymmetric umt of the crystal It will be found that 

Table I — ^Values of F{hOl) 
h 

0 2 4 0 8 10 12 14 

16+5 — — — — — __ 

14— _______ 

13— _______ 

10+8-16— — — — — — 

0 _ +9_i4_8 — — — — 

8-18+18 — — — — — — 

7 — +11 -26 — _ 9 — — — 

6+16+20-13 — — — — — 

6 _ _3_i4_7_i7 _ _ _ 

4 - 64 + 9 + 33 + 9 — — — — 

3 _ -67 +23 -34 _ _ _ _ 

2 +19 +81 +31 + 4 -19 _ _ _ 

1 _ _5i__9_ _ _ _ 

10+376 -49 -7 — — — — — 

T — — -18 +24 — -11 - 7 — 

2 +19 -49 +8 +13 +10 -17 +6 — 

3 — +49 +20 +4 — -30 — +6 

4 - 64 +86 — +19 — — -8 — 

5 — +62 + 6 -34 — — + 8 — 

6 + 16 +11 +40 - 7 — + 4 -24 — 

7 — _ -24 + 20 — +22 -16 — 

g - 16 +17 +28 -10 — - 3 -10 — 

9 — — +19 +37 _ _ _ _ 

TO +8 +12 -12 +12 -11 _ _ _ 

TI — — +20 + 6 — +10 +6 -6 

T2 — -9+9 _ _ _6 _ _ 

n — -7+17 — +19 — — — 

14 — _ ______ 

T5 — +6 +6 +6 +8 -6 — — 

TO + 6-7-7 — — — — — 


17 


+ 6 
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the structure factors calculated in this way are m good agreement with the 
observed values 

In addition to the structure factors hsted in Table I, very weak reflections 
from seventeen other (hOl) planes were observed within the hmits of the 
experiment (up to sm d =• 0 87, A = 1 64), but these terms had to be omitted 
from the final Fourier synthesis because of doubtful sign The (lOOT) term 
was also accidentally given the value — 6 instead of the measured value — 1 1 
These omissions amount to only a very small fraction of the total values, 
and the Fourier senes as it stands is qmte reasonably convergent This 
senes was summed at 900 points on the asymmetnc unit, at mtervals of 
0 213 A along the a-axis and 0 261 A along the r-axis, the contour maps 
bemg prepared from the summation totals by the usual methods 

In the other zones of the crystal, the reflections from the (020), (040), 
(024) and (032) planes are all much stronger than the corresponding stilbene 
values, the two latter bemg absent in stilbene On the other hand, the (031 ) 
and (036) reflections are weaker in tolane than m stilbene The values of the 
structure factors calculated from the final co-ordinates reflect these changes 
in every case 


Table II — Co-ordinates Centre of symmetry at (000) as origin 




Monoclinio crystal axes 



Atom 

X 

2nxja 

y 

iifyjh 

* 

2nr«/e 

A,{C) 

0 63 A 

17 8° 

0 16A 

9 4° 

0 36A 

8 0° 

B,{U) 

2 11 

59 6 

0 61 

31 7 

1 17 

26 8 

Oi(CH) 

2 47 

09 7 

1 68 

106 6 

1 99 

46 7 

D^(CH) 

3 04 

111 2 

2 03 

127 7 

2 80 

64 3 

EiiCH) 

6 06 

142 8 

1 21 

76 8 

2 80 

64 2 

F^(CH) 

4 70 

132 7 

0 03 

2 1 

1 98 

45 4 

OiiCH) 

3 23 

91 2 

-0 32 

-20 1 

1 17 

26 8 

A,(C) 

0 34 

9 6 

-0 06 

- 36 

7 47 

171 6 

B,(C) 

1 12 

31 6 

-0 19 

-12 1 

6 60 

151 7 

Ot(CH) 

0 89 

26 2 

-1 30 

-81 9 

6 70 

130 9 

DtiCH) 

1 87 

47 2 

-1 44 

-90 3 

4 84 

111 2 

Et(CH) 

2 68 

76 7 

-0 46 

-20 0 

4 89 

112 3 

Ft{CH) 

2 91 

82 1 

0 66 

40 8 

6 80 

133 1 

OtiCH) 

2 13 

60 1 

0 78 

49 3 

0 66 

162 0 


Onentations of the molectdea Co-ordtnatea 
The actual dimensions and orientations of the molecules were deduced 
from the contour maps in a very similar manner to that employed for stil- 
bene, except that the hnear structure of the tolane molecule simphfies the 
work The symbols have the same meaning as m the stilbene paper (Robert- 
son and Woodward 1937) 
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For molecule 1 (compare figs 1 and 5) we find 

^ ^ ^ ^ ^AB “ 1 355 A, 

Vdq = 89 6°, AS) = 33 2 ° 

We assume that the benzene rings are regular plane hexagons with sides 
1 39 A, and that the points 0,A,B, E, which he on a straight line in the pro- 
jection, are actually colhnear These assumptions are verified by the struc- 
ture factor calculations given above Thus we take Rjx) = 2 78 A, and the 
angle between L and DO to be 60° For the orientation* of molecule 1 this 
gives 

Xl = 36 9° cos Air = 0 8096 Xa/ = 1 17 6° cos Xm 

= 76 3° cos 0 2629 = 33 8° cos xjrff 

u)j^ = 58 0° cos W£, = 0 6298 = 72 0° cos <t)j^ 

= 111 2°cosXv = -0 3618 Xdq = 89 7°co8;tBO 

= 119 7°co8vifv = -0 4961 ^Do = 32 2° cos)/rjj(} 

(Of, = 37 8°co8<%= 0 7897 (O^o = 57 8° cob cojxj 

For molecule 2 the measured quantities are 

f'oa = 1 07, = 1 20, r^g = 1 40 A, 

V/xj = 79 1°, Vluab) ” 34 1°, 

and with the same assumptions, the orientation of molecule 2 (after rotation 
of 1 80° about the a-axis) is 

Xl = 34 5° cos = 0 8243 Xm = 1 10 2° cos = - 0 3448 

— 84 6° cos (jfg^ 0 0966 = 29 8° cos (jrf^ = 0 8676 

(Og = 66 l°co8(Ujr = 0 6682 < 0 ,^ — 69 0°cos (Off = 0 3687 

;\;y = 114 7°co8;^v = -0 4490 Xno = 83 5°oosXdo= 0 1136 

= 110 9°co8^y = — 0 4879 ^do — 36 9°co8^i'^= 0 7997 

WjY = 41 6° cos (Of, = 0 7482 ^do — ^3 9 cos (OgQ — 0 6987 

From these figures the true dimensions are easily obtained For molecule 
1 the triple bond distance AA' is 1 18 A, and for molecule 2 it is 1 20 A For 
both molecules the length of A 5 is 1 40 A Thus the dimensions of the two 
molecules are found to be the same within the hmits of error (about ± 0 02 A) 
and so we take the model shown in fig 4 to represent the final results 

* In this and Himilar work (Robertson and Woodward 1937) the orientation Ogures 
are probably accurate in general to within 1°, except for movements which do not have 
much effect on the projections, when the error may be greater Four figure direction 
cosines are given to make the figures mutually consistent and to afford a convement 
means of calculating other properties of the orystab, e g the magnetic susceptibilities 


= - 0 4622 
= 0 8312 

= 0 3096 

= 0 0046 

= 0 8462 

= 0 6329 
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The co-ordinates of all the atoms m the asymmetnc umt, referred to the 
crystal axes and the centre of molecule 1 as origin, are obtained from fig 4 
and the direction cosines given above These are given in Table II, and the 
way in which these final co-ordinates fit the contour maps is shown in fig 6 
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Intermolecular dtstances 

The smallest intermolecular distances for the carbon atoms he between 
3 5 and 3 6 A, very similar to those of the stilbene structure The nearest 
approaches which have been found occur between atom C of molecule 1 
and O' (oentro-symmetncal to 0) of the reflected molecule at (iJO) where 
the distance is 3 53 A, between C of molecule 1 and E of molecule 2, 3 54 A, 
between B of molecule 1 and O' of the reflected molecule at (i^O), 3*57 A, 
and between B of molecule 2 and O' of the reflected molecule 2 at (JH), 
3 57A 

In conclusion, we are indebted to Sir William Bragg and the Managers of 
the Royal Institution for laboratory facilities, to Dr J W H Oldham and 
Professor L Ruzicka for specimens of tolane, and to Dr A Muller and 
Mr H Smith for the use of a 6 kw X-ray generator 

Summary 

The crystal dimensions of tolane are very similar to those of stilbene, and 
this fact has been used m making a very direct X-ray analysis of the tolane 
structure, without the use of any model based on the cliemistry of the com- 
pound The two central atoms hnked by the tnple bond are found to be 
collinear with the end atoms of the benzene nngs to which they are jomed 
The carbon-carbon tnple bond distance is 1 1 9 A , and for the “ single ’ ’ bond 
connectmg these central atoms to the benzene ring, the unusually small 
distance of 1 40 A is obtamed These results are discussed m relation to 
acetylene and other compounds 

As in the stilbene structure, there are four molecules m the umt cell, and 
two of these make independent contributions to the asymmetnc unit of the 
crystal The orientations of these two molecules are deduced, and the 
co-ordinates of the atoms are given The mimmum mtermolecular approach 
distances are between 3 5 and 3 0 A for the carbon atoms 
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Relaxation methods applied to engmeering^rcdiMns 
II Basic theory, with applications to surveying and 
to electrical networks, and an extension to 
gyrostatic systems 

By A N Black, B A and R V Southwell, F R S * 

{Received 22 June 1937 — Reviaed 24 November 1937) 
Introduction and su mma ry 

1 The “Method of Systematic Relaxation of Constraints” was devised 
for the determination of stresses in frameworks, — that is in elastic structures 
havmg the characteristic that a strained configuration can be specified by 
attaching values to a finite number of co-ordinates Recently it has been 
extended to continuous systems (e g beams) on the understanding that a 
fimte number of co-ordinates will define a configuration for practical 
purposes, though not from a mathematical standpoint So far the ixiwer of 
the method has been exhibited only in relation to elastic problems m these 
Its results apiiear to converge rapidly, judged by a few examples of which 
the exact solutions were known 

The aim of the present paper is fourfold, viz 

(1) to prove that relaxation methods, apphed systematically to problems 
of elastic oquihbrium, give solutions which converge steadily towards exact 
results, and hence, by analogy, 

(2) to show that they are applicable to any “minimal” problem, e g 
the adjustment of errors accordmg to the method of least squares, 

(3) to notice, as particular examples, the adjustment of errors in level or 
tnangulation surveys, and the partition of electric current in non-mductive 
networks of conductors, and 

(4) to discuss the more difficult problem of an inductive network carrying 
altematmg current This serves as a simple illustration of systems which 
are governed by equations contaimng “gyrostatic” or “ non-energetio ” 
terms, and which for that reason do not present mimmal problems of the 
usual kind 

In regard to (1) it should be mentioned that a proof of convergence was 

* The idea of applying relsucation methods to the adjustment of errors, together 
with major credit for the argument m §53-4, should be attributed to Mr Black 
A jomt paper seemed desirable, in view of the close analogy between his problems 
and those relating to electrical networks which I had studied (R V S ) 
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attempted in the onginal relaxation papers (Southwell 1935 a, b), but that 
the arguments there given are open to objection The simple proof now 
given (§§ 3-4) appears to be satisfactory, and it permits a generalization 
(2) which greatly widens the scope of the relaxation method The examples 
mentioned under (3) pomt to apphcations m other important fields of 
engmeenng, while the problem treated under headmg (4) seems to be of 
mterest not only in itself, but especially as indicating potentialities of the 
relaxation method in relation to problems such as the question of hydro- 
dynamic stabihty, where similar difficulties are presented by the occurrence 
of “ non-energetic ” terms in the governing equations (Chitty and Southwell 
1930, III, §§ 12-14) 

I On thk convergence of the relaxation process 

2 The basis of the relaxation method as originally applied to frameworks 
18 the idea that m any specified problem, although it may be difficult to 
obtain the exact solution, it is easy to calculate the forces which must be 
applied in order to maintain specified displacements Accordingly we 
imagine that ngid constraints hold all the joints fixed initially, before the 
specified forces are applied subsequently, one constraint is “relaxed” in 
a direction such that the whole or part of its external force is transferred to 
the framework and through it to adjacent constraints, and the procedure is 
repeated for other constraints A table of “standard operations”, con- 
structed as a first step, enables us to keep account of the displacements and 
forces entailed by each relaxation Attention is focused on the “residual” 
forces (1 e forces still acting on the constramts), the aim throughout bemg 
to reduce these everywhere to zero 

Problems of self-straimng (Southwell 1935 a, §2) can be brought within 
the scope of the method For when the members of a framework are not so 
proportioned that they will all fit together without straimng, we can 
calculate forces which will give them such strains that they will fit, and we 
can start from a “datum configuration” in which these forces are operative 
and entail (for equilibrium) equal and opposite forces on the constramts 
Such parts of the latter as do not cancel in the assembled framework may 
now be regarded as external forces and hqmdated by relaxation as before * 

3 To show that the relaxation procedure, pursued systematically, gives 
results converging steadily towards the required solution, it is only necessary 
to observe that at each step, tf positive work is done on the Relaxed constraint, 
the total energy of the system (1 e elastic strain-energy stored in the frame- 

• Cf §8 



Relaacatton methods applied to engineering problems 449 


workpiiw potential energy of the external forces) must be reduced therefore 
the system must tend contmuously towards the required configuration of 
equilibnum, in which (by a known theorem in Mechamcs) the total energy 
has Its minimum value • We shall not amve at this configuration m any 
fimte number of steps, but we can approach it as closely as we may wish 
The approach can be accelerated by an introduction of ‘ ‘ block relaxations ’ ’ , 
m which any number of points move together like a rigid body, or of “ group 
relaxations”, in which any number move together in some arbitranly 
chosen way (Richards 1937 foreword, p 201) 


4 The simplest example is provided by a plane pin-jointed framework 
Here, in the notation of previous papers (Southwell 1933, §7) the total 
stram-energy is given by 

U = + — y,<)(i^i?-i^^)j*j. (1) 

denotmg a summation which extends to every member ^AB IS a con- 
stant defining the elastic properties of the member which connects A, B, 
and it^, are the (small) displacements of the joint A from its position in 
the unstrained configuration 

The total potential energy of the (specified) external forces is given by 
V = const '>^A + ^A ^a)> (0 

denoting a summation which extends to every joint of the framework, 
and the components in the x and y directions of the force which is 

apphed at A 

Let Xj denote the ‘‘residual force” (§2) which acts on the constraint 
at A Then initially (when all joints are held fixed) = X^, the specified 
external force at A , but subsequently (after one or more constraints have 
been relaxed) a force will also bo exerted by the framework This second 
force (X^, say) will be equal and opposite to the force exerted by the con- 
stramt upon the framework, 1 e (by Castighano’s first theorem) we have 


Therefore, since 



according to (1), 


we may write X^~ X^ + Xj^ 


a 

duj^ 


(U+V), 


( 2 ) 


* Kirchhoff’s theorem of uniqueness of solution (Southwell 1936 6, § 14 ) show that 
there is only one configuration of equihbnuin, therefore only one absolute minimum 
of the quantity which is varied in the relaxation process 
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and the equation 


S^(P+F,.o, 


( 11 ) 


which IS one condition for a minunum value of (?7 + F), is then seen to be a 
condition of equihbnum at A, since it requires that no force shall be left 
acting on the corresponding constraint 
Since 18 independent of the displacements, we have from (2) 




3*17 

du^ 

du^ 

duh ’ 



0*C7 

dv^ 

Bva 

dv^duA' 

^4 


3*t7 

dujj 

dus 

dugdu^ 


etc , 



(3) 


and smce Visa quadratic function of the displacements, all of the quantities 
(3) will have constant values mdependent of the configuration Thus when 
U 18 given by (1) we have 


d^U 

dv^du^ ~ ^a) iyB~i/A)] — ^AU^>y)AB]> 

d^U 

- -(’•■“Ub. 
etc 


(4) 


in the notation of “influence coeflftcients” (Southwell 1935a, §12),* 
denoting a summation which extends to every member connected with A 
Accordingly is a hnear function of the displacements, reducing to JT^ 
when all of the displacements are zero, and hence, using (3), we may write 




(5) 


with corresponding expressions for the other “residual forces” 

Those expressions hold in respect of any elastic system, and according to 
* The reciprocal relations (x, 2/) = (1^,*), etc (Southwell 19350, § 13 ) are now seen 

a* 0* 

to be consequences of the commutative property 
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(6) a residual force can be brought to zero by imposing a displacement 
where 



Now because strain-energy is a necessarily positive quantity, the coefficients 
of u%, etc in U will always be positive, and therefore such differential 
coefficients as (For the framework this assertion is exemphfied 

by the first of (4), since the Q’e of necessity are positive ) Therefore according 
to (6) any residual force can be brought to zero by imposmg a displacement 
having the same direction and sense This is the basis of the “relaxation” 
procedure 

Moreover, provided that the displacement is not of such magmtude that 
the sign of the residual force is changed, it will necessarily involve a decrease 
in the value of {U + V), since m that event 

S(U +V) = - accordmg to (2) 

will be negative * The greatest possible decrease for a displacement of given 
type (uj^) will be obtained by bnnging the corresponding force to zero 
Thus the argument of §3 is confirmed, together with the theorem there 
quoted that m the equilibrium configuration {U+V) has a minimum value, 
— not merely a stationary value, which is all that is stated by equations of 
type (ii) For we have shown that the value of{U + V) can be reduced so long 
as any residual force remains on a constraint, and by a fimte amount so long 
as any residual force is fimte hence it follows that the relaxation process 
can always be continued until (U+V) has been brought so near to its 
absolute mimmum that all residual forces are neghgible 


II On thk wider application of the relaxation method 

5 Looking at the method in this way, we see that it is apphcable to other 
problems m engineering and m physics For a framework we have to deter- 
mine that distnbution of joint displacements which (subject to the over- 
nding condition of contmuity) entails a minimum value of the total energy, 
this energy being (by Hooke’s law) a quadratic function of the displace- 
ments by analogy, whenever we want the conditions for a nunimum value 

• Generalizing the meaning of “force" and “displacement” (Southwell 1936 b, 
{{28-30), we can arrive at a similar conclusion in regard to “block relaxations” 
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of some quadratic function § of parameters Mb> v^,Vs, ,*wecan 

treat those parameters as “displacements” and proceed exactly as before 
“Joint relaxations ” will now be changes made, one at a time, in the values 
of the parameters, and the partial derivatives of Q with respect to the 
parameters will measure “forces” which the relaxations impose on the 
constraints Thus every mimmal theorem m mathematical physics provides 
a fresh application of the relaxation method 

U and V now denotmg the quadratic and Imear parts of Q, we may write 
in conformity with (2) of §4 

= + = + etc, 

where etc have values independent of etc will again 

be given by the expression (6), and we have 

a»r7 a*<2 „ , 

-r-^ = - > Since V is linear, 

9w^ du^j 

< 0, by the minimal property of Q 

So the same argument as before shows that relaxation processes, apphed 
systematically, will give results which converge steadily towards an exact 
solution t 

An exact elastic analogue is obtained if we visuahze a framework problem 
(§4) in which etc are joint displacements, etc are externally 

apphed forces, and as given by (6) is the total force which comes upon 
the constraint at A This problem we can treat in the usual way, for equa- 
tions of type (4) can be used to calculate the effects of jomt displacements, 
and devices such as “block” and “group displacements” (§3) can be 
employed as may be found convenient 

Example 1 Adjtistinent of errors in a level survey 

6 A simple example is afforded by the problem of adjusting errors in a 
survey of levels Let z^, z^, stand for the heights above datum level of 
pomts A, B, for which observations have been made, and let stand 
for the observed difference of level between A and B , — i e more precisely, 

• To preserve the analogy wo here divide the jiaraineters into classes, but such 
grouping IS not essential, nor (if it is adopted) is the number of classes in any way 
restricted 

t I e to the conditions for an absolute minimum of Q It can usually bo proved 
that Q has only one minimum (of footnote, p 449) 
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the observed rise m passing from ^ to JB On account of errors of obser- 
vation, the d’s will not all be consistent with any set of values for z^, Zg, 
etc That is to say, if is the “error” in A^g, defined by 

^AB — C^) 

some at least of the e’s wdl be fimte whatever values we attach to z^, Zg, 
etc According to the theory of errors, our problem is to determine values 
such that the sum of the squares of the errors, weighted by reference to 
considerations which do not concern us here, shall have its minimum value 
Imtially the z’a are unknown, the d’s are sjiecified 

In the elastic analogue {§ 6), the z'b may be regarded as displacements 
imposed by specified external forces upon a number of yokes or collars 
(fig 1 ), which can sbdo without friction on a straight bar having the direction 



Oz, and which are connected by spnngs having elastic properties propor- 
tionate to the “weight factors” our problem is to determme the configura- 
tion of equihbnum Alternatively we may suppose that imtially the springs 
have such lengths that they cannot all be fitteil into place without straining, 
and that e^g is the amount by which the unstrained length {A^g) of the 
spring connectmg A and B exceeds the distance (zg — z^) between those 
points then the required configuration is one of self-strainmg without 
external forces, which (§ 2) can be brought within the scope of the relaxation 
method * 

• A numerical example, mvolvmg six points of observation, was easily solved by 
a relaxation process mvolvmg twenty six operations 
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Example 2 Adjuatrmrd of errors in a tnangidation survey 
7 A problem of greater complexity (and as such providing an even more 
useful apphcation of the relaxation method) is provided by a “ tnangulation 
survey ” Here the observations made at every point of a network are the 
angular bearings of other points in relation to the “zero” of the horizontal 
circle of the theodohte, which zero is given a purely arbitrary onentation 
Two co-ordinates determine the position of any point, and these can be 
altered independently in the process of adjustment On account of obser- 
vational errors no one set of values can be found for the co-ordinates which 
18 entirely consistent with the observations our problem is to assign values 
to the co-ordinates such that the sum of the squares of the consequent 
“errors” (weighted by reference to considerations which do not concern us 
here) shall have its miminuin value 


R 



Let x^, and Xg,yghe values assigned to the co-ordinates of two pomts 
A and B of the network, and let the consequent bearing of H at A be 
measured from a fixed reference direction OR As stated above, the beanng 
of B in relation to A was measured from a reference direction which is un- 
known If we assign a value Xa unknown angle between this 

reference direction and the fixed direction OR, the “error” m the observed 
beanng of B ((p^g, say) will be given by 

^AB = ^AB~i^AB — XA) 


(8) 
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By asaigmng a suitable value to Xa could make zero, but the same 
value must be taken in the similar expressions for e^g, etc , and accordingly 
Xj, as well as x^, y^, Xg, yg, is a variable parameter in the minimal problem 
The ^’s are siiecified, and the d’a can be expressed in terms of the x’s and y'a 

8 The “framework analogue” of this problem does not present itself 
m practice But we can visuahze an assemblage of ngid bars, slotted to 
receive pins which form the joints (fig 3), and shding smoothly on those 
pins, and we can suppose that each pm carries a rigid member {A, &g 3) 
connected by spring constraints to every bar which shdes upon that pin 
We may postulate that each spring constraint (one is indicated diagram - 
matically in fig 3) tends to preserve a definite angle ^ between thedirections 
of A and of the bar to which it is connected the angle may in fact have a 
different value, but if so strain-energy will be stored in the spring Since A 
18 connected with a number of bars all shdmg on its pm, although it is free 
to rotate it cannot (m general) assume an orientation such that none of the 
spnngs IS strained By Castighano’s second theorem it will assume an onen- 
tation Xa’ relative to some fixed direction Ox, such that the total strain- 
energy has its mimmum value and if 0 is the orientation, relative to Ox, of 
any member connected with it, the strain-energy stored in the correspondmg 
spnng will be proportional to — Xa)}^’ t.he constant of proportionahty 

dependmg on the weight factor, as in § 6 Again the elastic analogue of our 
problem is a self-strained system 



Example 3 Partition of electric current in a non-inductive 
nettoork of conductors 

9 Suppose that two nodal pomts A and B of the network are connected 
by a conductor of resistance and let Vg be the potentials of A and 
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B By Ohm’s law, a current of magnitude (v^ — Vg)jRjis flow from A 
to B, so that if 7^, Ig denote the currents flowing towards A and B respec- 
tively, then 

-1a — = ^ab(^a — ^b)> 

where K^g— ijEj^g Summing for all conductors which are connected 
with A , we may wnte 

+ = (0) 

where stands for the current supphed to A from outside 
Now the heat generated in AJ? will be measured by — Vs)®. and 

hence the total generation of heat is given by 

W = IJ,K^g{V^-Vgn (0 

denotmg a summation extending to every conductor m the network 
Also, if the current is supphed to A from an outside source at datum 
potential r®, the energy thereby expended will be measured by 7^(t>^ — *^o)> 
and hence the total energy expended will be measured by 

- Vo)] (say) (u) 

We see that (9) is a condition for a mimmum value of 
Q=V + V 

= i - Vb)*] + HUv, - Va)], (10) 


Since it IS eqmvalent to 

dVA 




So U 18 the total strain-energy, V the total potential energy of the external 
forces, in the elastic analogue which we obtam by interpreting the v’s as 
displacements, the J’s as external forces, and the K’s as “sprmg constants” 
or “influence coefficients” Correspondmg with the theorem of mimmum 
total energy in the elastic analogue, we can enunciate a minimal theorem 
relating to the generation of heat by electric currents (the “Joule effect” 
Jeans 1923, §365) as follows In a network of condudora to which specified 
currents are supplied at two or more nodal pointa* the actual distribution of 
steady currents is such that the total generalion of heat, less twice the energy 
expended in supplying the specified currents from a source at datum potential, 
has its minimum value consistent with the satisf action of Kirchhoff' a second law 

* The algebraic sum of the currents must be zero, in order that KirchhofTs laws 
may be satisfied 
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10 The foregoing is to be distanguished from a more faraihar theorem 
relating to the Joule effect (Jeans 1923, § 368) When a system of steady cur- 
rents flows through a network of conductors containing batteries of which the 
electromotive forces are specified, the currents are so distributed that the total 
generation of heat, less twice the output of energy from the batteries, has its 
minimum value consistent with the satisfaction of Kirchhoff’s first law 

This, in the elastic analogue of §9, is CastigUano’s second theorem For 
if as before the electric potentials are interpreted as displacements and the 
K’s as “sprmg constants”, and if now the electromotive force EJ^g of the 
battery in any link of the network is interpreted as the amount ( - A) 
by which the length of the corresponding spring AB exceeds the distance 
between the points in the datum configuration which it has to coimect 
(cf § 6), then for consistency the current 1^^ which flows from AUi B, and 
which 18 measured by ^ Rah) >«'i8t be interpreted as the 

thrust ( — P) to which the spring ABm subjected in a strained configuration , 
and if 2 Q is the quantity (total heat generation — twice the energy output 
from the battenes), 1 e if 

2 Q = - 2 EII 

then m the elastic analogue Q will stand for the quantity 

= (total strain-energy stored in the elastic system) — [PA], 

which 18 required in Castighano’s second theorem to have a minimum value 
(Southwell 1923, §7) 

Just as, m that theorem, the variations of Q are restricted by conditions 
of eqiuhbnum (the analogue of KirchholF’s first law) and compatibihty of 
displacements is not realized in any but the correct configuration (Southwell 
1936a, § 2), so in the electrical theorem only the correct distnbution of 
current satisfies Kirchhoff’s second law, 1 e gives a single value for the 
potential of every nodal point (Jeans 1923, § 346) The theorem of § 9 lends 
itself more readily to calculation by relaxation methods, and a network 
of which some or all links contain battenes can be readily treated Starting 
with the assumption that the whole e m f of each battery is utihzed in 
passmg current through the resistance of its own associated “link”, we can 
obtam a datum configuration m which calculable currents enter or leave 
the network at its nodal points Then we have merely to calculate and 
superpose the eflFects of neutralizing currents supphed at the nodal points 
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III Extension of the relaxation method to “gyrostatio ” systems 

11 We now consider the more difficult problem m which alternating 
current flows through a network characterized by self-mduction and/or 
capacity This as relating to sinusoidal current of constant frequency 
closely resembles the problem of stress-distribution m a plane pm-jointed 
framework, but the differences are such as to necessitate, in particular 
instances, a complete revision of the relaxation technique 

Let AB he any hnk m the network having a vector “admittance” 
Yab — 9ab+3^ab reciprocal of a vector “impedance” Z = r—jx), 
and let 

+3«a^ ^b = +3'’b 

be the vector potentials of the nodal points A, B'\ Then the vector current 
flowmg from A to B through the hnk AB is 

liB = (94H+3^4n)(yA-yB)> 
and hence, if Ij = Xj = -EA^ab] 

18 the total vector current flowing %nio A from all hnks which connect it 
with other nodal points of the network, we have 
-Xa = 

— Ya = + 

Za having the same sigmficance as in preceding sections Moreover, if 
1a-^a^3^a 

stands for the vector current supplied to A from outside, then 

= + = r^ = F^-hy^ = 0, etc (12) 

since there can be no accumulation of current at a nodal point 
Equations analogous with (11) and (12) control the jomt-displacements 
of a plane pin-jointed framework Thus we have from (1), (2) and (4) of §4, 

-Xa = ^ = ZA[{X,x)AB(‘tiA-'«'B) + i^’y)AB{VA-'^B)]> 

-Ya = ^ = ZaUV, x)aB («A - Mb) + (y> y)AB {Va - «b)]. 

* We are indebted to Professor L N G Filon for calling our attention to this 
fact 

t The notation of this section is based on that of Steinmotz (1900, chap vil), but 
some new symbob have been introduced with the object of emphasizing the elastic 
analogue j stMids for V( ~ 1) 
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and the conditions of equihbnum can be wntten in the form of (12) But 
whereas in the elastic problem Maxwell’s reciprocal theorem requires that 

{x,y) = {.y,x), (14) 

80 that (v^ — Vjg) in the first of (13) has the same coefficient as (m^ — tt^) m 
the second, m equations (It) the coefficients, though equal in magmtude, 
have opposite signs, and in consequence, whilst in the elastic problem the 
equations (12) of equihbnum are conditions for a stationary value of the 
total potential energy {U +V), which has its mimmum value m the reqmred 
configuration, equations (11) and (12) are conditions for a stationary value 
of the function 

Q ~ — m^)(i>b — t;^) — gr^j^(i;^ — i!^)*] 

rj, (16) 

which, in the required configuration, is a minimum as regards vanations in 
the w’s, but a maximum as regards variations in the v’s 

Example 4 Partition of alternating current in an inductive netioork 
12 No feature of the relaxation process will be altered by reason of the 
circumstance that Maxwell’s relations (14) are not satisfied, and in general, 
suitably apphed,* it will lead quickly to the required solution Occasionally, 
however, it will fail by giving divergent results, and then a different procedure 
will be necessary As an example which yields to the standard treatment we 
shall calculate the amplitude and phase of the current which w ill pass through 
the network shown in fig 4 when an alternating potential difference of 1 volt 
IS apphed to the nodal points^, E (The analogous problem in relation to a 
plane framework would be to determine the effects of imposing a relative 
displacement on two nodal points ) 

The vector admittances of the different hnks, calculated for the particular 
frequency of the apphed potential difference, will be taken to have values 
as under 


AB, 

101 60+^79 12 

BD, 

1 78+;6 88- 

AC, 

7 58-; 8 99 

BE, 

2 36+;3 72 

AD, 

12 18-; 2 03 

CD, 

2 66+;0 65 

BC, 

8 73+; 6 72 

CE, 

1 78+;306 



DE, 

7 26+;0 73, 


* At every stage the largest of the “residual forces” should be bqiiidated, and by 
that operation which affects it more than any other 



460 


A N Black and R V Southwell 


1 3 Adopting the procedure suggested at the end of § 10, we first suppose 
that the vector potential of A is 1 and that B, C, D are at zero potential 
Then the currents pewsing from A along the hnks AB, AC, AD will be given 
respectively by 

/jB = (101 6+J79 12), = (7 5H-J8 99), 4^ = (12 18-y 2 03), (i) 

and no current will flow in any other hnk of the circuit By addition we 
deduce that (to make the assumed potentials correct) a current of amount 
(121 20+J68 10) will have to be supplied to A from outside currents 
^AB> I AD will then leave the network at B, C and D respectively 



Fio 4 


Actually no current passes to or from the network at B,CotD Therefore 
we must superpose on the assumed potentials those which would result if 
currents Ig, !(,, Ip, equal respectively to Ij^g, I^p, Ij^p as given in (i), were 
supplied at B, C, D and allowed to leave the network at A and E, the latter 
points being held at zero potential Writing Ig = Xg+j7g, etc we thus 
have initially 

= - 121 20, Xg = Xg= 101 50, j 

Xc = Xc = 7 68, Xp=^lp^ 12 18, I 

?^ = F^ = _68 10, fg=^7g = 79\2, I 

~ ^ ~ ~ ® ^z) ~ ~ 2 03, j 

Xg ■* Fjg = 0 (17) 


With 
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In,the framework analogue these are imtial values of the “forces on the con- 
Btramts”, and they have now to be “hquidated” by the imposition of suit- 
able displacements (actually, vector potentials) at B, C and D, bid not at 
A and E 

14 Next we derive a table of standard operations by calculating the 
changes m the “residual forces” (t)rpified by F^) which result from 
changes made in any one, singly, of the “displacements” (typified by 

'^a) As m a normal elastic problem (§4), since the “external forces” 
(typified by 7^) are specified and therefore invariant, the partial differ- 
entials dfjjjdUji, are identical with dXjfjdu^, SYgjdu^, etc 

Accordmg to ( 1 1 ) they will be zero unless B is directly linked with A in the 
electncal network, and when Bm bo hnked they will have constant values 
as under 

_ L _ 

3w^ ~ dvj^ ' dvj ~ dUji 

Similarly = J 7 ^^(say), (18) 

“ “ llj " " = f>AA (8»y) 

Here stands (as before) for a summation extending to every nodal point 
which IS directly linked with A 

As in § 4, each of these differentials gives the effect on some residual force 
of some umt displacement, and a displacement of different magnitude will 
have a proportionate effect Table I records the effects of umt operations 
as deduced from (18) for the example specified in ^12 The operations 
numbered 7 and 8 are simple examples of “group relaxations ” 

15 Starting a relaxation table by recording in the first line initial values 
of 7^, etc as given m (17), we can now hquidate these “residual” 
forces m the ordmary way The actual table is not reproduced, but it is 
summanzed m Table II • The progress of the approximation was estimated 
by the extent to which - Xg. and I^, — Tg had approached equahty by 
thirteen operations the values of (F^ -I- Xji)j{X^ — Xg) and of 

(^A + ^e)I^a~’^s) 
were both brought below 1% 

* The relaxation was performed for m by Mr R J Atkinson 



Table I 



( 4 ) X( -0 0289) 

(5) x( -0 1744) 

(6) X 0 0109 
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From the operations and multipliers given in the first column we can 
deduce the vector voltages Rejectmg the fourth decimal place as un- 
reliable, we have 


v„ = 0 948 -j 0 029, 
Dp = 0 850-_;0 174, 
D„ = 0 690 -l-j 0 011 


(19) 


From the last hne of Table II w e see that the total current flowing through 
the network from ^ to is 

9 4-J-J6 3 (20) 


A MODIFICATION OF THF STANDARD METHOD 

16 When (as in this exami>lo) the residual forces decrease with satis- 
factory rapidity, we may regard the standard procedure as justified by its 
results, for they vanish in the exact solution, which is unique * But examples 
can be oonstructed in which, as relaxation proceeds, the residual forces are 
found to increase, and for use in such rases we now desenbe a modification 
of the standard procedure which, like that procedure as applied to normal 
elastic probloiiiB, can be show ii to lead always to convergent results 

17 The required configuration is one in which, for each of a number of 
Slier ified nodal points, 

^ = F=o, (1) 

J?, P being defined by ( 1 1 ) and ( 1 2) for a typical point A If now 27^) stands 
for a summation extending to those nodal points, but to those, alone, for which 
(i) IS to be satisfied, and if 

2F = iy,LX2 + P^], (21) 


then F will vanish and so (being necessarily jiositive) will attain its mimraum 
value m the required configuration Like the total potential energy (t/ -t- F) 
in a normal elastic problem, it can almiys be reduced so long as any “residual 
force" (^orY) remains “unliquidated" 

We can thus treat F exactly as in 1; 5 we treated the function denoted 
by Q Corresponding with the residual forces of that section we have 
“ quasi-forces” X^, Y^, etc given in terms of F by expressions of the types 




dF 

duji' 


Xa 




( 22 ) 


• We have, in offeot, to solve a system of simultaneous hnear equations, equal in 
number to the numbor of the unknowns 


voi crxiv— A. 
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which are analogous with (2), and corresponding with the influence coeffi- 
cients defined in equations (3) and (4) we have “ quasi-influence coefficients ” 
given by such quantities as 

du^’ du^dv^ dv^ dVji’ dv\ dv^’ 


winch are analogous with (3) The latter we can insert in a table of standard 
operations, analogous with Table I, and we can start a relaxation table, 
analogous with Table II, by inserting in the first fine initial values of the 
X’s and F’s as given by (22) when all the us and v's are zero The relaxation 
procedure will be the same as before, and its convergence may be established 
by an argument exactly similar to that of §§ 3 and 4, since by definition (23) 
the “ quasi-influence coefficients” satisfy reciprocal relations of the type 
of (14) 


18 According to (21) 


dF _ 

duj 




and the differentials in these expressions have constant values typified by 
(18) of §14 Hence 


d^F 

du\ 


d^F ^ ^ dJ-\ 

dv^dvjj 


(26) 


Combined with (22) and (23), these expiessions show that the “quasi 
forces ” are hnear m the u’sandu’sand that the‘‘qua8i-influence coefficients 
have constant values Thus they justify the assumptions which were made 
(tacitly) in § 17 

19 Using the formulae (25) we can deduce the new table of standard 
operations (Table III) from an operations table of the normal kind (Table I) 
In the latter (q v ) columns and fines are so arranged that the same number 
relates to a “corresponding” force and displacement (Southwell 19366, 
§ 28) thus fine 2 relates to a displacement 1%, and column 2 to the residual 
force Let the new table be arranged in conformity, so that (for example) 
Ime 2 relates to Uq and column 2 to , and suppose that we w ant to calculate 
dXcjdujj, the entry appropnate to fine 1, column 2 (or, since reciprocal 
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relations are satisfied, to fine 2, column 1) Observing that in Table I the 
entnes in lines 1 and 2 of the column appropriate to any force ^ are the 
values of dSjdUg and d^/dup respectively, we deduce from (26) that for 
this purpose we must sum the products of such entries for all columns of 
Table I which relate to forces included within the summation Ty) Such 
columns are distinguished by heavy vertical rulings m Table I in Table III 
nothing 18 gained by retaining other columns, which accordingly have been 
left blank 

Proceedmg as described, we have as the appropriate entry m line 1, 
column 2 and in hne 2, column I of Table III 

= + 114 37 X 8 73 + 8 73 X 20 64- 1 78 x 2 55 

+ 96 44x6 72 + 6 72x 1 34-6 88x0 56, 


= + 1827 40, (i) 

and the other entnes are calculated similarly In our example the work is 
shortened by the circumstance that not only relations of ty^ie (14) are 
satisfied, but also relations typified by 


5up dvp ’ dvp dup ’ dvp dup 


(26) 


Table III 


Column 

number 


1 

2 

3 



4 

5 

6 


Number 
and natiu^ 
of operation 


X, 

x„ 

X^ 





Yj. 




-22653 04 

1827 40 

926 00 

„ 

1 __ 

0 

183 79 

-474 91 


(2) = 1 

— 

1827 40 

- 666 98 

66 58 

— 

— 

- 187 70 

0 

37 61 

— 

(3) = 1 

— 

926 60 

66 68 

-669 90 

— 

__ 

474 01 

-37 61 

0 

- 

(4) V, = 1 

— 

0 

-183 79 

474 91 


— 

-2266104 

1827 40 

925 60 

- 

(5) Vc == 1 

— 

183 70 

0 

-77 01 

— 

— 

1827 40 

-565 98 

66 68 


(6) Cj = 1 

- 

-474 01 

77 01 

0 


- 

926 60 

85 58 

-660 90 

- 


20 To start the new relaxation table we mimt insert m its first line the 
imtial values of the X'a and F’s We have from (22) and (24) 


31 


( 27 ) 
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with corresponding expressions for the other “ quasi-foroes ” so because 
the column numberings of Tables I and II conform, if (for example) we want 
the entry appropriate to column 2 of the new relaxation table, then we are 
concerned with the first hne (imtial “forces”) of Table II and with line 2 
of Table 1 Multiplying together the two numbers which appear in any 
particular column, we have to sum the resulting products Thus in our 
example the appropriate entry is given by 

A:(;(imtial) = - 8 73 X 101 50 + 20 64x7 58-2 56x 12 18 

-6 72x79 12- 1 34x899 + 0 65x2 03, 

= -1303 32 (11) 

The other entries are found similarly 

The new relaxation table has not been reproduced, since the procedure 
required to hquidate these initial X’s and y ’s is in every way normal Applied 
to the particular example of § 12, fourteen operations suflSced to give the 
same solution as was found by an unmodified procedure in §§ 14r-15 * 

COKCLUSION 

2 1 The relaxation proc edure is in efFoct a method for obtaining approxi- 
mate solutions of systems of hnear simultaneous equations (The number 
of independent equations must be equal to the number of the unknowns, 
in order that the exact solution may be unique ) In previous apphcations 
(i e to problems of elastic equihbrium) the equations have been conditions 
for an absolute minimum of a certain quadratic function of the variables, 
necessarily positive here, in the last exanqile treated, they are conditions 
for a stationary value of a certain quadratic function, but that value is not 
an absolute mimmum since the function can take either sign By a modifica- 
tion of the standard procedure we have made it applicable to problems of 
this less restricted class, and in so doing we have not made use of the fact 
that in the particular example treated (which concerns a “gyrostatic” 
system) certam skew-symmetrical relations govern the coefficients in the 
several equations Accordingly the procedure as modified (§§16-20) will 
apply without restnction to any system of hnear simultaneous equations 

References 

Chitty, L and Southwell, R V 1930 Phtlos Trana A, 229, 205-63 , and Aero Rea 
€tee R and M 1200 

Jeans, J H 1923 “The Mathematical Theory of Electricity and Magnetism” 
Carnbndge University Press, 4th od 

* Tlie relaxation was performed for us by Mr D G Christopherson. 



Relaxation methods applied to engineering problems 467 

Richards, J C 1937 J Inat CEB, 106-216 

Southwell, R V 19*3 Phil Mag 45, 193-212, and ^ero Res Ctee R and M 821 

— 1933 Proe Roy Soc A, 139, 475-607 

— 19350 Proc Roy Soc A, 151, 66-96 

— 19356 Proc Roy Soc A, 153, 41-76 

— 1936 a Proc Roy Soc A, 154, 4-21 

— 19366 “Introduction to the Theory of Elasticity ” Oxford University Press 

Stemmetz, C P 1900 “Alternating Current Phonoim nn ” McOraw Publishing Co 


The reflexion coefficients of ionospheric regions 

By E V Appleton, FRS and J H Piddinoton,* M Sc , B E 
Cavendish Laboratory, Cambridge 

{Received 17 November 1937) 

In a recent communicationf to the Society, Watson Watt, Wilkins and 
Bowen (1937) have described the results of an lonosphenc investigation 
conducted by means of radio wave reflexion which they have interpreted 
as domonstratmg the existence of four or more highly reflet ting strata in 
the lower atmosphere, about 10 km above ground level These results and 
their interpretation are naturally of great interest to those whose field of 
investigation has been the ionospheric regions at greater heights , for, as 
the authors of (I) state, their own findings “must modify the detailed 
discussion of lonosphenc soundings effected with sounding waves which 
have had to traverse these highly reflecting strata” Moreover, if the high 
reflexion coefficients estimated for these low-lyiiig strata are correct, even 
as regards order of magmtude only, it is immediately obvious that our 
ideas concerning the travel of wireless waves to great distances require 
radical revision, for, smee 1926, it has been customary to regard such 
communication as generally bemg effected either by way of Region E m 
the case of long waves, or by way of Region F in the case of the shorter 
waves It can, further, be asserted that current explanations of such 
phenomena are m such close agreement with the results of what is now 
known of the structure of the ionosphere at levels of 90 km and above, 
• Walter and Eliza Hall Research Fellow 
t We shall, for brevity, refer to this poper as (I) throughout 
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that any evidence not in harmony with these accepted relations must be 
accorded the closest scrutiny 

The expenmental observations of Colwell and Fnend (1936) and of the 
authors of (I) (1937) concerning the return of radio waves from low levels 
in the atmosphere are of the greatest scientific importance and, im- 
mediately they were announced, investigations were begun here m Cam- 
bridge to see if we could confirm them It was desired especially to ascer- 
tain in tins connexion how far the existence of such lowlymg reflecting 
strata influenced the interpretation of the vast amount of observational 
work already carried out m vanous parts of the world on radio reflexion 
at higher levels 

The results of our own oxpermients, and the interpretation concernmg 
the ionospheric importance of low-level reflexions which we have felt 
obliged to give them, were different from those of the above-mentioned 
authors so that, on the publication of (1), we have examined afresh the 
arguments adduced in it which have led its authors to certain of their 
conclusions The account of our own work is therefore prefaced by a brief 
discussion of previous work 


The evidence for the existence op highly reflecting 

STRATA IN THE LOWER ATMOSPHERE 

The most complete account of the return of radio echoes from the lower 
atmosphere is given in (I) and the discussion m this section is therefore 
devoted to it The authors of (I) 

(а) have confirmed the occurrence of echoes returned from Region D 
These were noted by Appleton (1927) as occurring occasionally m 1927, 

(б) have found there is another reflecting region at 46-60 km with a 
reflexion coefiicient* of 0 3 for 6 Me /sec waves (We may refer to this as 
Region C) , and 

(f) have found that there is a senes of discrete reflecting strata, per- 
sistmg without substantial change of level for several days, at such heights 
as 8 6, 9 3, 10 3, 10 76 and 13 6 km , each with a reflexion coefficient of 
0 7 for 6-12 Me /sec waves (We may refer to this as Region B ) 

Since, from our own observations, we are unable to confirm the magnitude 
of the reflexion coefficients stated m (c) above we must examme afresh the 

* The reflexion coefficient hero refers to the ratio of the reflected and incident 
olectno vectors 
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arguments presented by the authors of (I) m this connexion We need only 
take the case of Region B (i e the Region Z of (1)) 

The argument which loads to the evaluation of the reflexion coefficients 
of the low-lymg strata proceeds in this way From a snap-picture of a 
series of ec hoes, four or more senes of multiple reflexions are identified and, 
from the amplitude decay among the members of a selected series, the 
reflexion coefficient of the stratum responsible for the senes is calculated 
For example, since the fifth echo of a senes is, in amplitude, 0 2 of the 
first, the effective reflexion (oefiicient is taken as (0 2)^* (i e 0 67) The 
eflFectivo reflexion coefficient corresixinding to each series is evaluated 
independently as if reflexion by, or transmission through, any strata below 
had no effect This argument raises the follow mg pomts 

(a) Smee we must allow for the spacial attenuation of the waves (a 
doubly reflected wave has, for example, travelled twice the distance of a 
smgly reflected one) the reflexion coefficient in a case where the fifth order 
echo IS 0 2 of the first order is given by 



1 e yo = 1 37 (2) 

Thus the argument leads to the conclusion that the reflexion coefficient 
of a single stratum is greater than unity If further allowance were made 
for the imperfect reflexion of 8 Me /sec waves at the ground (for which 
the reflexion coefficient p' is of the order of 0 9) it will bo seen that the 
Region B reflexion coefficient would come out higher still 

(6) Even if we accept the conclusion of the authors of (I) that the lowest 
reflectmg stratum in Region B has a reflexion coefficient of 0 7 it is easy 
to see that, for the effective reflexion coefficient (meeisured as the ratio of 
the incident and reflected wave vectors at a point below the lowest 
reflecting stratum) of the remainmg strata to be of the same value, it is 
necessary for the true reflexion coefficient of the second stratum to be 
umty This would mean that substantially no radio energy reaches Regions 
E and F, so that they would play no really significant part in the propaga- 
tion of radio waves 

There are other arguments of a more general character which are 
difficult to reconcile with the permanent existence of highly reflectmg 
strata at fixed distances from the ground It is to be expected, for example, 

* There appears to be a misprint in (I) (p 186), whei-e (0 2)1 is vmtton and (0 2)1 is 
intended 
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that such strata, if they exist, would be fixed relatively to the levels of 
fixed density, pressure or temperature, and yet it is known that such levels 
vary from day to day Yet the conclusion drawn from the experimental 
evidence m (I) is that the four strata retain the same heights for several 
days independently of the physical characteristics of the atmosphere 
where they are formed Again, it is easy to show that a stratum which 
would reflect radio waves copiously at levels of 10 km must have an 
electrical conductivity of the order of, at least, 10^ e s u Yet the general 
electncal conductivity at these levels, as measured in balloon flights, is of 
the order of 10^^ e s u It does, however, appear possible, as pomted out 
by Appleton (1937), to reconcile the important observations described in 
(I) with previous work, and also with the results of the experiments 
described below if we assume that the echoes returned from low levels are 
not reflected from layers at aU, but are signals of very low intensity indeed, 
scattered from sjKiradic low-lying patches of loni/ation * If such an 
assumption is entertamed wo must abandon the detailed analysis of echoes 
mto correlated groups and regard the gradual decay of amplitude peaks 
with increase of echo -delay as indicating the successive reception of echoes 
from scattering centres at different distances The echoes of greater delay, 
for example, might be caused by scattering centres not immediately 
overhead 


Expi-mmental observations 

In order to look for confirmation of the existence of highly reflectmg 
strata in the lower atmosphere a pulse sender and receiver of the required 
characteristics were built and erected, the sender m a hut on the Solar 
Physics Observatory site, Cambndge.f and the receiver in a private house 
7 km away 


(a) Pulse sender 

Tlus was capable of givmg 2 to 3 kW output power on a fixed frequency 
of 8 8 Me /sec The pulse duration was vanable but could be made as low 
as 30 //sec The aenal system employed was a half-wave dipole at optimum 
height for vertical radiation, and was fed from the sender by a matched 

♦ The agency of ionization is here invoked following the general argument of (I) 
But if our coiiclusionB concermng the order of magnitude of the reflexion coefficients 
of these scattering patches is correct, the possibihty of reflexion from other types 
of atmospheric discontinuities must not be excluded 

t We are greatly indebted to Professor F J M Stratton for hospitahty in this 
connexion 
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feeder-line Radiation was therefore strongest in an upward vertical 
direction 

(6) Pulse receiver 

This was of superheterodyne type with wide frequency band-pass 
charactenstics The output dropped to half value, as tested by a signal 
generator, when the set was detuned by 33 kc /sec Transmission of the 
pulses through the receiver lengthened them to 60 /laec , which means that 
a pulse deflected the base line of the oscillograph over a part of the scale 
correspondmg to the delay of an echo reflected from an equivalent height 
of 7 km Thus echoes of this magmtude of semi-path and of appreciable 
intensity would be exjiected to show as clear from the ground signal 

Using a signal generator the pulse to noise ratio was found to be 6 to 1 
for a pulse mput of 10 /iV Due to the good receiving site this noise was 
mainly of internal (set) and not external origin Assuramg an aenal 
equivalent height of 4 m ,• wo may thus say that pulses of minimum field 
strength of 2 or 3 /tV/m would be detectable As at the sending station, 
a half-wave dipole situated about a quarter of a wave-length above ground 
was used at the receiving station Duo to the low honrontal transmission 
and reception the receiver ground ray was small In case the reflexions 
for which we were searching had a particular polarization the receiving 
aerial was placed first at right angles and then parallel to the sendmg 
aenal 

(c) Accessory equipment 

The usual cathode-ray tube oscillograph equipment was used and calls 
for no special comment except to remark that the time-base scale was very 
open, echoes of equivalent height differences of Ifi km being separated by 
1 ora on the screen 

{(1) Limits of sensitivity expressed in terms of 
equivalent reflexion cxiefficient 

Since the relatively high frequency used penetrated normal Region E 
at all times, estimates of the relation between reflexion coefficient and echo 
amphtude were made using Region F reflexions Using these it is possible 
to express the intensity of a particular echo m terms of an eqmvalent 
reflexion coefficient, such coefficient being unity m the case for an ideal 
perfectly reflectmg stratum situated at a height correspondmg to the 
delay time of the echo m question 

* In this assumption a liberal allowance has been made for losses m the trans 
mission from aerial to receiver 
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This calibration was effected as follows The receiver gam control was 
calibrated with a signal generator The amphtudes of the ground ray (0), 
hrst Region F reflexion (F') and second Region F reflexion {F") were 
measured We then have (^JF’ = Hj and F'jF" - Then p = 2/71, and 
F' = G/n^ If however p were raised to unity, F' would increase in the ratio 
1/p (i e Wj/i) so that we should have F' = n^Gj2n^ This quantity was 
found, and from its magnitude, allowmg for spacial attenuation, it was 
calculated that a layer of unity equivalent reflexion coefficient at 100 km 
would give a first order echo of that a similar layer at 10 km would 
give a first order eclio of 30(7, and so on Using the calibrated volume 
control it was possible to estimate the magnitude of the echo (expressed 
as a Iraction of the ground wave at maximum workable gam) which was 
just detectable This was found to be jjg, so that it should have been 
possible to detect a first-order echo from a layer at 10 km when the 
equivalent reflexion coefficient was of the order of 0 0001 "■ 

It should be noted that the above definition of equivalent reflexion 
coefficient may be used to denote the mtensity of an echo returned from 
a small scattering centre and not from a layer at all The coefficient in this 
case gives us the ratio of the echo actually obtained to that which would 
bo obtained if there were a perfectly reflecting stratum at the same 
distance as the scattenng centre 


ExPtRIMENTAL RESULTS 

It may be stated at once that no stratum at 10 km height with a re- 
flexion coefficient of the order of 0 7 has been detected by us durmg three 
months of observation We must thus conclude, m accordance with our 
interjiretation of the results of (I) as due to atmospheric scattermg patches, 
that the effective reflexion coefficient of such patches must be less than 
0 0001 They would therefore play no substantial part m ionospheric 
alternation or refraction, so that our ideas concerning the normal pro- 
cesses of wireless transmission are left undisturbed The detection of 
scattered echoes from lower mtensity than the hmit stated above obviously 
requires a higher-powered sender, since the receiver equipment is already 
operating at full sensitivity Such a sender is now bemg built 

* This order of magnitude for the upper limit of p may be checked in another way 
Using formula (3), p 476, and allowing for the effect of groimd reflexion at both 
sender and receiver, it may be showm that a 2 kW sender would produce echoes of 
the estimated minimum detectable field strength (le 2 pV/m ) if reflected from a 
centre, the effective reflexion coefficient of which is 0 0001 
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Through the courtesy of Mr Watson Watt we have been able to test 
our own receiver m conjunction with the higher -powered sender used by 
the authors of (I) In this way we have found that, using the method of 
cahbration outlined above, B Region echoes were detected, with B Me /sec 
waves, of amplitude corresponding to a reflexion coefficient of 0 00007 
In the course of our work at Cambridge it has been found that, after 
the normally recognized regions of the ionosphere (Regions E and F) 
the reflecting centres next in importance as regards magnitude of echo 
production are transient m charat ter Such echoes were rioted by Appleton, 
Naiamith and Ingram (1936) as coming from above the 100 km level, as 
lasting for a few seconds and as occurring by night and day * Using the 
same apparatus described above we have made a study of these transient 
echoes, paying particular attention to measurements of effective reflexion 
coefficient and of equivalent height of reflexion 

In fig 1 IS shown a plot of the relative numbers of these transient echoes 
as a function of equivalent height, such numbers representing the number 
of echoes obtained from successive equal ranges of height in a series of 
observations made durmg the day It will be seen that the echoes come 
most frequently from a height of about 110 km Other charactenstics of 
these echoes may be summarized briefly as follows 

(o) The echoes can be roughly grouped into two senes, one group con- 
sisting of members lastmg a fraction of a second up to one or two seconds, 
and the other of members lastmg several seconds up to some minutes 
(6) The equivalent reflexion coefficient may bo as high as 0 05, though 
that of those most frequently observed lies between 0 0005 and 0 006 
(c) They are observed both by day and by night, and a nocturnal graph 
corresponding to the day-time curve in fig 1 is very similar in character 
There can be little doubt that these observations indicate the temporary 
existence of marked scattermg centres m the ionosphere which form and 
disappear throughout the whole of the twenty -four hours There is a 
marked resemblance between fig 1 and the corresponduig curve for the 
frequency of occurrence of auroral heights, but detailed consideration of 
this and other matters is being deferred for a later communication The 
results however indicate, without further evidence, the entry into the 
atmosphere, by day and night, of an agency which produces burets of 
ionization of considerable intensity 

♦ These characteristics have also recently been noteil by Mr T L Eckersloy, 
Nature, 13 November 1937, who has also succeeded in getting photographic registra 
tion of the received echoes (See also fig 10 of (I) ) 
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It 18 possible to estimate the minimum number of electrons required m 
a scattermg cloud to give transient echoes of the type we have descnbed 
A cloud of 10'® electrons, for example, concentrated within a region of 
linear dimensions small compared with a wave-length, would give an 
cflFective reflexion coefficient of the order of 0 001 as observed If the cloud 
were of greater dimensions a greater total number of electrons would be 
required to give the same effective reflexion coefficient 



Fio 1 

A corresponding word may be added concerning the number of electrons 
m a small cloud of given effective reflexion coefficient p situated at the 
10 km level Our experiments show that p is less than 0 0001 Let us 
suppose, then, that it is 0 00002 The numlier of electrons necessary to 
give this value of p would be 3 6 x 10'® The correspondmg number of ions 
of molecular mass required would be 2 x 10'* 

The pulse observations descnbed above have been supplemented by 
observations and enquines concerning the reflexion of ultra-short waves 
such as are used in the BBC Television Service since the authors of (I) 
point out that they have been able to detect Region B reflexions, very 
frequent and of disturbing amplitude, usmg frequencies as high as 
40 Me /sec Our enquines and our own observations show that no general 
and sustained reception of “ghost” images, such as would be caused by 
strong echoes from low-lying strata, has been observed in the area within 
90 km of the sending station A careful watch was maintamed throughout 
the summer of 1937 on a television receiver situated m St John’s College 
and very occasionally ghost images were seen These corresponded to 
vanous delay times, a typical example bemg 8 /Msec corresponding to a 
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shift of 1 in on a 10-in picture Since the distance between Alexandra 
Palace and Cambndge is 69 km this would correspond to an equivalent 
height of about 10 km for the scattering centre if situated midway and m 
the plane of propagation This is of the same order of magnitude of Region 
B levels quoted m (I) A number of the ghost images noted were, however, 
accompamed by a fluttenng of the mtensity of the whole television picture, 
mdicating rapid motion of the scattenng centre In this way a substantial 
number of the ghost images noted were found to be due to aeroplanes, and 
we are not at all sure that any of the cases noted were due to reflexion 
from atmospheric scattenng centres * 

In any case it is easy to show, as follows, that the influence of 
a naturally-occurrmg scattenng centre would be expected to be small in 
television reception at Cambridge The field strength E of an echo reflected 
at a low height from a station of power P, at distance r, is given by the 
formula 

E (volts }ier metre) = , (3) 

where p is the effective reflexion coefficient Now the value of P is 3 kW, 
so that if we take r os 69 km and p as 0 00007 the value of E is found 
to be 0 5 pV per metre The influence of additive interferenc o by way of 
ground reflexion may, on occasion, give signals of double this value, but 
even then the field strength would be much smaller than that due to the 
direct transmission Since, however, our estimate of p is probably much 
too large for the high frequencies wo are considering it is very unlikely 
that B'Region echoes will give rise to sustained mterference at any recep- 
tion point 
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Summary 

Experiments on the radio sounding of the ionosphere are described 
which give no support to the supposed existence of permanent highly 
reflectmg regions at heights of 10 km It is considered possible that the 

* We are much uxdebted to Mr Edwards of Pye Kadio Ltd for collaboration in 
these observations 
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echoes of short delay noted by previous workers are due to atmospheric 
scattering patches of very low effective reflexion coefficient It is found 
that, after the normally recognized regions of the ionosphere, the radio 
reflecting centres in the atmosphere next in order of importance as regards 
wireless ec ho production are transitory bursts of ionization which occur at 
equivalent heights of from 80 to 160 km Such bursts of ionization are due 
to some cosmic agency which is usually effective throughout the Vhole of 
the day and night 
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The spectiurn of tuibulence 
Bv (I I Taylor, F R S 
(Received 1 December 1937) 

When a pnsm is set uf) in the path of a beam of white hght it analyses the 
time variation of electric intensity at a pomt into its harmomc com- 
ponents and separates them into a spectrum Since the velocity of hght for 
all wave-lengths is the same, the time variation analysis is exactly equivalent 
to a harmonic analysis of the space variation of electric intensity along the 
beam In a recent paper Mr Simmons (Simmons and Salter 1938) has shown 
how the time variation in velocity at a field pomt m a turbulent air stream 
can be analysed into a spectrum In the present paper it is proposed to 
discuss the connexion between the spectrum of turbulence, measured at 
a fixed ]ioint, and the correlation between simultaneous values of velocity 
measured at two points 

If u, the component at a fixed point of turbulent motion m the direction 
of the mam stream in a wind tunnel, is resolved mto harmomc components 
the mean value of may be regarded as being the sum of contnbutions from 
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all frequencies If m* dn is the contribution from frequencies between 
n and n + dn, then 


F[n)dn = 1 


( 1 ) 


If F(n) IB plotted against n the diagram so produced is a form of the 
spectrum curve 

The proof that w* may be regarded as being the sum of contributions from 
all the harmonic components has been given by Rayleigh, using a form of 
Parseval’s theorem If a = ^(t) and 


/i = i J ^{l) cos Ktdt, 

7j, = ^ J ( f >( t ) sin Ktdt . 

Rayleigh showed that 

P\mVdt = (3) 

01 it Af = 2nn, so that n represents the number of cycles per second, 

= 27r*JJ (/f + ll)dn (4) 

If the integrals on the nght hand side of (2) and the left-liand side of (3) 
are taken over a long tune T instead of infinity the left-hand side of (3) is 
Tm*, so that 

= (5) 

The quantity 271® Lt 1 'y ~ I therefore the contnbution to which 
anses from the components of frequency between n and n + dn, i o 

27i®^LtJ^-> + ^*) = P(«) (0) 



Connexion between spectrum cubvi- and correlation curve 

Now consider two cases (a) where the variation in u is due to eddies of 
small extent which are earned by a wind stream of velocity U past the fixed 
point, (6) the vanation is due to large eddies earned m the wind stream In 
ease (o) the fluctuations at the fixed point will be much more rapid than 
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they are m case (b) The spectrum analysis in case (b) will therefore show 
greater values of F{n) for small values of n than in case (a) 

It IS clear when the eddies are large the correlation between simul- 
taneous values of u at distance x apart must fall away with mcreasmg x 
more slowly than when the eddies are small One may therefore anticipate 
that when the (Rj., x) curve has a small spread m the x co-ordmate the F{n) 
curve will extend to large values of n and vice versa 

If the velocity of the air stream which carries the eddies is very much 
greater than the turbulent velocity, one may assume that the sequence of 
changes m w at the fixed point are simply due to the passage of an unchanging 
pattern of turbulent motion over the point, i e one may assume that 

« = j , (7) 

where x is measured upstream at time < = 0 from the fixed point where u is 
measured In the hrait when ufU^O (7) is certainly true Assuming that 
(7) IS still true when u/U is small but not zero, Rj. is defined as 


We now introduce another expression analogous to (3) It can be shown 
that* 

py(t),p[t+iyt = 277*£(/t + /»)tos^™- dw, (9) 

where Zj and I 2 have the same meaning as in (3) 

Substituting for Zf + Z| from (6), (tf) becomes 


"Jo 


hence from (8) ” j 

It will be noticed that the form of (1 1) la very similar to that of the Fourier 

* This formula can bo deduced from the theorem 9 09 given on p 70 of Norbert 
Wiener’s The Fourier Integral, Camb Univ Press, 1933 
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integral The Founer integral theorem is usually expressed by the pair of 
formulae 


1 r+® 

/(a?) = ^2nJ 

(12) 

1 /•+<» 


(13) 


When/(a:) is symmetrical, so that f{x) = /( — x), (12) and (13) may be written 


/(•«) ^ g{/i) cos iixdfi, 

Jn jo 

Comparmg (11) and (14) it will be seen that if 




,, , o /V UF(n) 


(14) 

15) 


then (11) and (14) are identical 

Makmg these substitutions in (15), the following expression is found 
for F{n) 


F(n) 


4 f® 2nnx, 
0 Jo 


(16) 


It seems therefore that JRj. and are Founer transforms of c 


another 

If F(n) IS observed we can calculate using (11), and if is observed 
we can calculate the spectrum curve F(n) using (18) 


CoMFABl'iON WITH OBSEBVATION 

Measurements have been made by Mr L F G Simmons of and of 
F(n) at a point 6 ft 10 in from a turbulence-producing grid with a mesh 
3 X 3 in at wmd speeds C/ = 15, 20, 26, 30 and 35 ft /sec It was found that 
except very close to x = 0, is nearly independent of U within that range * 
When i?a, 18 mdependent of U it will be seen from (16) that U F(n) must be 
a function of n/f/ 

Accordingly Mr Simmons’ measurements ot F{n) for all values of U have 

* A similar result has been obtained by Dryden, N A C A report 681, 1037 


VoL CLXIV— A 
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been plotted on the same diagram (figs 1 and 1 a), in which the ordinates are 
UF{n) and the abscissae are w/(7 The fact that the points fall so closely 
on one curve is very satisfactory evidence that the measurements of F{n) 
are accurate 
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Mr Simmons’ measurements of are shown in fig 2 The values of F{n) 
calculated using the measured values of Rj. in (16) are shown in fig 1, but 
as the points corresponding with the lower part of fig I are rather close 
together an enlarged version is shown m hg la The values of Rj. calculated 
using the measured values of F(n) in (1 1) are shown in fig 2 
It will be seen that the agreement in both cases is good 



4 

r (ins ) 
Fio 2 


It has been seen that the points in fig 1 seem to fall on one curve, as is 
predicted by (16), when it is assumed that R_, is indeiiendcnt of U On the 
other hand it is known that the curvature of the R^ curve at its vci tev is not 
indeiiendent of U This curvature is defined (Taylor 193 s) by means of a 
length A, where 


A" 


(17) 


If the turbulence is isotropic experiments show that A is pro])ortional to U 
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To find what effect this variation m A with U may be expected to produce 
in the F{n) curve, A may be expressed in terms of F(n) When n is small 

27inx /mu 1 2jr^*n* 

cos may be replaced in (11) by 1-— Hence 

^ = (18) 

Since (18) can be written in the form 

A must be independent of U if the {UF(n),nlU} curve is independent of U 
This deduction is inionsiatent with the observed fact that A is proportional 
to f/~* 

The explanation of tins apparent discrepancy is that the value ot 


n^F(n)dn depends (hiefly on the values of F{n) for largo values of n, 
Jo 


1 e on the parts of fags 1 and 1 a where the points are so close to the axis that 
variations in their height above it are hardly visible In fig 3 the vertical 
scale of UF{n) has been enlarged very greatly It will be seen that above 
njU = 16 the UF(n) curves separate, that for t/ = 15 ft /sec falhng belo^v 
those for 20 and 35 ft /sec 


Calculation of A from the spectrum ( urve 

To determine A from the spectrum curve the integral (19) must be 
evaluated using the values of UF(n) taken from figs 1 and 3 It is mstruc- 
tive to tabulate the contributions to this mtegral which arise from various 
ranges of njU These are set forth m Table I, where they are expressed in 
ft -sec units It will be seen that when U = 35 about half of the mtegral 
18 due to comixments for which njU > 30, in spite of the tact that the highest 

Table I Contributions to J ”jf’(n)</n expressed 

IN FT -SEC UNITS 

niu r/=15 17 = 20 17 = 36 

0-16 24 0 24 0 24 0 

17-30 7 7 19 0 23 9 

31-00 0 16 6 44 4 

Total 31 7 68 5 92 3 
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value of F{n) m this range is only yjjf of its maximum value (namely 0 35 
when n = 0) The value of A m feet is found by inserting the numbers given 
at the foot of Table 1 for the mtegral in (19) Thus when 17 = 36 ft /sec 
A = ( 471 ® X 92 3)-l = 0 00165 ft = 0 50 cm The values of A so calculated 
are given m column 2, Table II 



Fio 3 


Value ok F(n) at » = 0 

Putting aj = 0 m (16) 
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By numerical integration of the measured curve in fig 2 it is found that 


j^R^dx = 1 07 in = 0 089ft , 

80 that, when n = 0, 

f7[/’(n)J„„o = 4 X 0 089 = 0 35 ft 
This upper limit is marked in fig 1 


PnOOb THAT TlIRBtTLKNCt IS ISOTROPIC 

Though the theory and measurements so far discussed do not involve any 
assumption as to whether or not the turbulence is statistically isotropic, 
yet since the theory ot isotropic turbulence has been discussed so com- 
pletely it 18 worth while to describe measurements which prove that the 
turbulence was in fact isotropic 

It has been shown by KarmAn (1937) that when turbulence is isotropic 
there is a definite relationshiji between the correlation curves Hj. and Ry 
K&rm&n defines two correlation functions Ri and R^ R^ is the correlation 
between components of velocity along the line AB, where A and B are the 
points at which the velocities are measured, is the correlation between 
components at nght angles to In isotropic turbulence R^ and R 2 are 
functions of r only w here r is the length A B When correlation measurements 
are made in a wind tunnel by means of a hot wire, only the component 
parallel to the length of the tunnel produces any appreciable effect on the 
hot wire If therefore A and B are situated on a hue parallel to the mean 
wind stream the coi relation R^. is identical with Karmdn’s R^ If A and B 
are situated on a line jierfiendicular to the stream the correlation Ry is 
identical with Khrmdn’s R 2 

Kdrmdn’s relationship between R^ and R 2 , namely 

is therefore a relationship between the correlations Rj. and Ry which have 
been measured The measured values of or are given m fig 2, and they 
are repeated m fig 4 To this curve the (negative) values of ^r(dRJdr) are 
added and the calculated values of Ry or Rg ^hus obtained are show n in 
fig 4 The values of Ry measured by Mr Simmons at 6 ft 10 m behind a 
3 X 3 in grid are also shown in fig 4 It will be seen that Kdrmdn’s relation- 
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ship (20) 18 very well verified, and it may fairly be concluded that the 
turbulence at 6 ft 10 in behind a 3x3in gnd m a wind tunnel is isotropic 



tlQ 4 

Calculation of A I'Rom mlasured rate oi dissipation oi energy 

In the case of isotiopic turbulence A lan be found by measuring the rate 
of dissipation of energy This can be found by measuring the rate of decay 
of the mean kinetic energy of turbulent motion 

Fig 5 shows the measured values oi U ju', {u' — m the air stream m 
which F(n) and were measured It will be seen that in this case l^ju' 
increases hnearly* with x, the distance down stream from the gnd I have 
shown (Taylor 1935) that Uju' increases linearly with x when A satisfies 
the following relationship 

M^'^Ju'M’ 

• This is not a gonoral law Coses where U/ii' does not increuso hnearly have 
been observed 
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where M is the mesh size of the grid producing the turbulence Conversely, 
when U ju' increases hnearly with x, A must be related to u' by the equation 
(21) By measunng the slope of the bne which passes through the observed 
pomts m fig 5, 1 find that A m (21 ) is 2 12 At the point where the spectrum 
measurements were made, 6 ft 10 m from the grid, U/u' = 33 5 Smce 
Jlf = 3 in = 7 62 cm and »» = 0 148, (21) becomes 



nST/Wce FROM cR» (Fi) 
llG 6 


The values given in column 3, Table II, are calculated from this formula 
Companng the values of A calculated from the measured dissipation 
(column 3) with those calculated from the measured spectrum curves using 
equation (18) (column 2), it will bo seen that the agreement is fairly good 

Table II VaixtesofA 

A calculated from A calculated from 
U ft /hhc spectrum curvo observexl dissipation 

16 0 86 cm 0 61cm 

20 0 63 0 53 

36 0 60 0 40 

Correlation measured with band filter circuits 
Recently Dryden (1937) has made measurements of usmg various band 

filter circuits m his amplifier The action of the band filter is to cut out all 




The spectrum of turbulence 487 

disturbances except those whose frequencies he between certain hmits 
By supplying truly sinusoidal disturbances of known frequency and 
amplitude to the filter circuit the characteristic curve showing ^e response 
of the circuit to unit input were obtained If <}){n) is the ratio of m* measured 
with the filter to m* measured without it, the characteristic curve {<{>{n),n] 
for one of Dryden’s circuits which passes frequencies between 260 and 600 
cycles 18 shown m fig 6 The measured values of R^, using this filter circuit 
and with wind speed C/ = 20 ft /sec are shown in fig 7 



Fia 6 

We have already seen how R^. is related to R(n) It is clear that the same 
relationship will still hold when the filter circuit is inserted, but F{n) must 
now be replaced by 

J F(n)^{n)dn 
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If IS the value of iij. measured with the band filter circuit the 
formula analogous to (1 1 ) is 


f ^(n) cos dn 

_ Jo 

J F{n)^(n)dn 


( 22 ) 



Before this formula can be used in oonipansoii with Dryden’s observed 
values of it is necessary to find F(n) Drydon has not measured F{n) 
except very roughly, but he has measured Rj. in the same air stream and 
without the filter circuit His measurements are shown in fig 8 To calculate 
F(n) we may use the expression (16) with the observed R^. The values of 

^ F{n) so found is also shown in fig 8 Taking the values of F{n) from a 

smooth curve through the calculated points, the values ot F(n) </>{n) together 
can be found for any given values ot U and m by multiplying the ordinates 
of the F(n) and <f){n) curves The values of F(n)(l>(n) at 1/ = 20 ft /sec 
( — 610 cm /sec ) found in this way are shown m fig b 
Using a senes of values of x, the values of ha\ e lieen calculated by 
numerical integration of (22) The values so calculated are shown m Table 
III, and are marked in fig 7 It will be seen that the agreement with Dryden’s 
observations is very good This agreement provides additional evidence in 
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favour of the main thesis ot this paiier that Rj. and Fourier 

transforms of one another, so that each can be predictecl when the other 
has been measured 


Table III— Calout ated values oi- 

i; (ora ) 0 1 0 2 0 6 1 0 1 6 2 0 3 0 

+0 91 +0 79 -0 27 -0 72 +0 61 +0 23 -0 06 



Bearing oi spectrum measurimknts on theory oi dissipation 

The fart that the {UF(n), njJ^ curve is independent of over nearly the 
whole range indicates that the turbulent flow at a hxed |)oint behind a 
regular grid is similar, so far as the main features of the flow are concerned, 
at all speeds On the other hand the fact that small quantities of very lugh 
frequency disturbances appear, and increase as the speed increases, seems 
to confirm the view frequently put forward by the author that the dissipa- 
tion of energy is due chiefly to the formation of very small regions where the 
vortvcity is very high Apart from these very small regions the turbulence 
behind a gnd is similar at all speeds 
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Summary 

It 18 shown that a definite connexion exists between the sjiectniin of the 
tune vanation in wind at a fixed point in a wind stream and the curve of 
correlation between the wind variations at two fixed pomts The spectrum 
curve and the correlation curve are, in fact, Founer transforms of one 
another 

As an example of the use of this relationship the sjiectrum of turbulence 
m an American wind tunnel was calculated from measurements of correla- 
tion by Dryden In some further experiments Dryden modified this spec- 
trum by insertmg a filter circuit and then measured the correlation with 
this filter m circuit The modified spectrum is here calculated from the 
filter characteristics and the Founer transform theorem is used to cal- 
culate the modified correlation curve The agreement with Dryden’s 
measurements is very good indeed 

The paper ends with some remarks on the bearing of the spectrum 
measurements on the theory of dissipation of energy m turbulent flow 
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[Plate 7] 

Investigations of the micellar structure of fibre substances have given 
nse to two theories The older theory (Meyer and Mark 1930, Mark 1932, 
Siefriz 1934, Meyer 1930, and Nageh 1928) considers the micelles as 
separate crystalhtes, between which he the intemiicellar spaces The 
micelles consist of “Hauptvalenzketten”* bound together along their 
length hy homeopolar bonds and in the transverse direction by van der 
Waals’ forces, the intermicellar bindmg being also attributed to van dor 
Waals’ forces The original model suggested in work published by K H 
Meyer (1930), for cellulose, depicts the micelles arranged like bncks in a 
wall (fig 1 ), and doubtless this is the simplest explanation of the X-ray 



Fio 1 Micellar Btnictixro after Moyei a, Hauptvalonzkotten , h, mtraniioellur 
regions, c, intemiicellar holes, d, intermicellar long spaces 

results But it is difficult to understand how such an arrangement can 
give a micellar structure its peculiar mechanical properties, and further 
how it is possible, when both inter- and intramicellar cohesion are attnbuted 
to the same type of force, to cause by swellmg experiments an enlargement 
of the mtermicellar spaces, while the “Hauptvalenzketten” remam un- 
affected 

An alternative theory has been put forward by 0 Glemgross, K 
Herrmann and W Abitz (1930), W T Astbury (1933), A Frey-Wysshng 


Long cham molecules of high molecular weight 
t 491 ] 
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(1936) and E Giith and S Rogowm (1936) These authors suppose that a 
given “Hauptvalenzkette” w not confined to a single erystallme region 
but may stretch through more such regions In general , the arrangement 
of the neighbouring chains mil be truly lattioe-like, but a cham may he 
at too great a distance from its neighbours or not he exactly parallel to 
them, so that the structure as a whole will show statistically distnbuted 
spaces In hg 2 ordered crystalline regions may be distinguished (drawn 
in thick line), but their significance is physically different from that of the 
crystallites of the Moyer model They are not self-contained units, the 
whole system is linked together due to the “ Hauptvalenzketten ” ex- 
tending beyond a single micelle Astbury considers that m a substance of 
high molecular weight of a type capable of swelling that part which 
produces the X-ray spectrum is the concentration centre of a complicated 
network of thread like molecules He draws an analogy between micellar 
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structure and the secondary structure of Zwicky He suggests that it is 
possible that micellar systems, which are characterized by a mixture of 
perfection and iin}>erfection, are the counterpart m compounds of high 
molecular weight of the well known mosaic structure of the more familiar 
crystals Frey-Wysshng is of the opinion that the micelles, growing 
together, enclose lens-shaped spaces running parallel to the hbre axis 
Between these intermicellar spaces are small rod -shaped regions of un- 
clistorted lattice, which are the so-called micelles of the earlier work 
(fig J) In this hgure, which gives a pictorial representation of Frey’s 
theory, the statistically distnbuted hollow spaces are shown black, some 
of these arc en< losed m undistorted crystalline regions A lamellar structure 
consisting of superimposed monomolecular layers suggested by 0 L 
iSponsler and W H Dore (1930) has been shown to be untenable from 
the work cm double refraction by Boas-Beckmg and (Jalhher (1931) 

In order to investigate further the micellar structure the effect of 
“higher orientation ’, which up till now has been little used m such cases, 
was studied (Mark and Kratky 1937) By this is meant an ordering of the 
crystalline regions so that they are parallel not only to the long axis, but 
also in a second crystallographic direction Fig 4 rejiresents a cross-section 
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through a fibre system, the short lines being sections of the single chains 
Regions which are exactly ordered others not completely ordered and 
hollow spaces are shown The a and c axes he in quite different directions 
in different parts of the fibre but the ft axis (fibre axis) is always in approxi- 
mately the same direction, i e in our diagram, jierpendu ular to the plane 
of the paper With the appearance of “higher orientation”, the direction 
of the “ Hauptvalenzketten ” reinauis as before, but a parallel ordering of 
the a and c axes occurs (The lines will be parallel to one another ) The 
effect was first observed by Mark and v Susich (1928) for stretched rubber 
the intensity of the interference pattern alters in a charactenstic way 
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according to whether the radiation is directed parallel or iierpondicular to 
the direction of stretching With the radiation jiorpendicular to the 
direction of stretching, the spot (200) is most intense, (210) is weaker, 
while (002) and (012) are feeble, the order being reversed when the radiation 
parallel to the direction of stretchmg, (002) is very strong, (012) leas so 
and (200) and (210) are quite weak From such diagrams Mark and v 
Susich have recalculated the rhombic elementary cell of rubber to be 
o = 12 3, ft = 8 1 (fibre axis) and c = 8 3 A 

A tentative structure with eight isoprene residues m the unit cell and 
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baaed on a aeries of isoprene ohama has been put forward Prom meaaute- 
pients of the Idteadths of interference patterns Hengatenberg (1918) 
estimates the dunensiona of the rubber micelle to be of the order 
600 X 600 X 160 A Recent work of Sauter (1937) is m aubatantifd agteov 
ment with this structure although the dimensions of the umt cWl are 
found to be slightly larger a=12 60±0 06 A, c = 8 91± 0*06 A , 
6 =« 8 20 ± 0 06 A It has been further suggested by Meyer and Mark (1928) 
that the elementary cell for rubber must be shorter than the length of a 
smgle molecule 

Other examples of “higher orientation” are shown by the cell wall of 
Valona ventncoaa, where it appears with growth, and by mechanioall^ 
worked cellophane From the results of a number of experiments (Mark 
and V Susich 1929 , Burgeni and Kratky 1929 , Eggert and Luft 1930, Hess 
and Trogus 1930) it was concluded that the lath -shaped micelles become 
onented by rolhng so that their longest and second longest edges he in 
the plane of rolling Mark and Kratky (1937) consider that slidmg m the 
lattice or rotation of the single chams cannot give nse to “higher onen- 
tation ” In order to explain the latter on a basis of interlockmg chains 
and statistically distributed spaces, the micelles must be lath-shaped and 
must possess a certain individuahty This will occur if the statistically 
distributed spaces appear more frequently in the direction of two crystallo- 
graphic axes perpendicular to the fibre axis Then the small regions of 
undistorted lattice will automatically become bound together by lattice 
forces mto lath-like forms and will cease to be isolated entities 

It 18 now mteresting to discuss whether the building up of such lath-hke 
aggregates is a characteristic of naturally occurring conditions, or whether 
the “ Hauptvalenzketten ” themselves are able to build up such micelles 
from solution It has already been observed that hydrated cellulose film s 
obtained from xanthogenate solutions (Burgem and Kratky 1929) show 
“higher orientation”, but it might be argued that these solutions were 
extremely concentrated and that the micelles themselves had not been 
broken up 

We have therefore mvestigated a senes of very dilute solutions of a 
rubber soluble with difficulty, made by drying the latex (braun-gelb) m 
benzene, chloroform and carbon tetrachloride, these solvents being chosen 
with a view to examimng a possible influence on “higher onentation ” The 
rubber only partially dissolved after shakmg for 1-2 weeks on a machme, 
so that the objection that the micelles have not been spht up can still be 
made For comparison, solutions of an easily soluble rubber (first latex 
crepe) were also made m the same solvents To make the films actually 
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employed, ih» dilute eoluti^ were poured on to a gla«l plate or mercury 
surface, when the solvent evaporated and left a thin film of rubber, by 
repeatmg the process several tunes the films oogild be made about O' 1 mm 
thick They were then dusted with noe powder after which they could be 
stripped from the underlying surface The X-ray photographs were taken 
on a fibre camera, the plate-specimen distance bemg 35 mm and the 
collimator 0 8 mm in diameter The rubber film under mvestigation was 
held m a special extension apparatus 

The X-ray tube was a Siemens Stnikturrohre with a copper antikathode 
and Ni filter, runnmg at 46 kV and 16 mA Under these conditions the 
exposure time was of the order of 6 hr 

All the films derived from these solutions show “higher orientation” for 
X-rays on extreme extension to about 700% (see figs 6 and 6, plate 7) It is 
interestmg to note that the effect also appears with a film of vulcanized 
rubber (fig 7, plate 7) The results of this work establish that the capacity 
for building up lath-shaped micelles m the way described is an mtnnsio 
property of the “ Hauptvalenzketten ” themselves 

The picture of micelle structure here developed is mtermediate between 
the two formerly proposed theories The micelles are of lath-shaped form 
but probably not closed on all sides, and possess, on account of their shape 
and of their transverse bmdmgs, a defimte mdividuahty, even though 
the “Hauptvalenzketten” themselves extend beyond the sphere of smgle 
micelles 

We have pleasure m thankmg Professor H Mark and Dr O Kratky 
for their oontmued advice and assistance, and their mterest m the m- 
vestigation One of us (C J B C ) is mdebted to Professor H Mark for 
extending to him the hospitality of his Institute and to the Umversity of 
London for a travelling studentship which made the work possible 
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Description of plate 7 

Fid 6 a and 66 X ray photographs of a crepe rubber ftltn obtained from a chloro 
form solution Higher orientation is clearly shown * 700 % strotchmg Radiation 
[lerpondicular and parallel to plane of him respectively 

Fig 6 a and 66 X ray interference diagrams for a film of raw rubber (braun gelb) 
from a benzene solution 700% stretcliiiig 

Fig 7a and 76 Photographs showing higher orientation of a him of vulcanized 
rubber 800 % stretching 

* Cf figs la and 16 of Mark and v Susich (1928) 


Statistical mechanics of the adsorption of gases 
at solid surfaces 

By F J Wilkins 

Research Department, Imperial Chemical Industries, Billingham 

(Communicated by R H Fowler, F R S — Received 20 September 1937) 

The object of this paper is to develop a statistical mechanical treatment 
of adsorption of gases on plane sohd surfaces using the method of partition 
functions Several authors have approached this problem by way of the 
Boltzmann equation but without success In fact Kruyt and Mpddermann 
(1930), who discuss this work in some detail, conclude that the equation 
cannot be satisfactorily apphed to the problem of gaseous adsorption at 
a sohd surface and suggest that this is because the forces causing adsorption 
are of a chemical nature 

Recently, Fowler (1936a) has developed the Langmuir isotherm usmg 
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eesentmlly Langmuir’s assumption of chemisorption on an adsorbmg surface 
similar to a chequer board containing a fixed number of pomts of adsorption, 
and further the assumption that if a molecule is adsorbed on one point it 
does not influence adsorption on contiguous points This further assumption 
18 relaxed m later papers (Fowler 19366, Peierls 1936) The assumption 
made by Langmuir that adsorption forces are chemical m nature is not 
always true, as it is likely that the forces operative are in many cases of the 
van der Waals’ type His other assumptions are unnecessarily restnctive 
m view of the considerable amount of evidence on lateral mobihty m the 
adsorbed layer and also of the certainty that molecules adsorbed con- 
tiguously suffer the normal molecular interactions of the van der Waals’ 
type 

A rather more general treatment is attempted therefore in this paper 

The derivation of an adsorption isotherm from the Boltzmann equation 
itself IS readily achieved, provided a suitable model of the adsorbed phase 
is chosen In the first place it must be assumed that the potential throughout 
the adsorption volume is uniform In the second }>lace, the adsorbed layer 
IS assumed to be a fluid phase similar to a compressed perfect gas The 
adsorption volume can be considered therefore to be a part of the system 
in which the gas comes under the influence of an external field of force 
Fowler (1936a, p 63) gives the Boltzmann equation as 

Oj/dj = 

Applying this to the problem under consideration we wnte and dg as 
the average number of molecules m equal elements of translational phase 
space which have the total energies Cj and w’j and iCj are the corresponding 
weights for the internal energies of the molecules For equal volumes of 
physical space accessible to the systems, in which their dynamical state 
18 the same, integratmg over all possible moments,, we obtain the result 

where and Wj are the potential energies of the molecules in the two 
portions of physical space This reduces to 
OJC„ 


where C„ and Cg are the number of g mol of gas in equal volumes of the 
adsorbed and gaseous phases respectively and <j> is the adsorption potential 
Therefore 


>■ 1 ? 


33 


(1) 
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where x is the total number of g mol adsorbed per umt area at pressure p 
and temperature T, a is the fraction of the area available for adsorption 
and d is the thickness of the adsorbed layer 

It 18 important to note that x is not the number of molecules adsorbed as 
it IS usually determined, since it is the total number in the adsorption 
volume, both bound and free The amount determined expenmentally is 
the difference between the total amount of gas m the adsorbed phase and 
the amount in an equal volume of the gas phase At values of of the order 
of those considered in this paper and at small values of x, the difference 
between the total amount in the adsorbed phase and the expenmental value 
of X IS negligible 

It 18 also important to note that the integration employed to give the 
adsorption isotherm assumes that the adsorbed and gaseous phases have 
the same dynamical state The adsorption isotherm will therefore be appbc- 
able to systems in which the adsorbed phase is similar to the model dis- 
cussed above, but it is not applicable in the simple form, as we shall see 
later, to a system in which the adsorbed gas becomes a part of the sohd 
phase and behaves, for example, as a Planck oscillator 

The simple adsorption isotherm, given by equation ( 1 ), gives the amount 
adsorbed as proportional to the pressure, a result which agrees with experi- 
ment if x IS small The deviations from this equation for larger values of x 
are quite considerable The Langmuir adsorption isotherm was one of the 
first successful attempts to account for these deviations It is important, 
however, to notice that the Langmmr adsorption isotherm can also be 
obtained if it is assumed that the adsorbing surface is uniform, can adsorb 
only one molecular layer, and that the adsorbed molecules are infinitely hard 
spheres which do not attract each other To this extent, therefore, his 
discussion IS equivalent to the eissumption that the intermolecular energy 
of interaction is E(r) — +oo (r<(r) and A’{r) = 0 (r>cr), where (T is the 
molecular diameter and may be considered to take account of the im- 
perfection of the adsorbed gas layer A theoretical derivation of an adsorp- 
tion isotherm which takes account of both types of intermolecular forces is 
given below 

The approach to this problem, using the Boltzmann equation itself, is 
difficult and cumbersome Fowler (1936a, p 253) points out that the 
theoretical treatment of imperfect gases in external fields of force is best 
accomphshed by applying the laws of statistical mechanics only to elements 
of the gas and to supplement these by general thermodynamic theorems 
Following this Ime of attack we write the free energy for the gaseous and 
adsorbed phases as and F„ respectively (cf Fowler 1936a, p 240) 
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Then 

Fg » -fcrJV,[log 65 t,(T) + log^jp+ 1], 

(2) 


= - AT^'„[log + 1] 

( 3 ) 


In these equations and N„ are the total number of molecules in the gaseous 
and adsorbed phases respectively, and/^(T) and f„(T) are partition functions 
for molecular internal and translational energy, b^g(T) and b%J^T) are the 
corresponding partition function per molecule for the potential energy of 
the whole gas The 6’s are related to the strict partition function for the 
potential energy of the whole gas by {6(T)}^ = B(T) The condition for 
equilibrium is that 

1 = p 

If we assume the gaseous phase to be perfect, then t^lT) = Vg, and the 
condition for equihbrium reduces to 

logi;, + log'^jP = iogb%^(T) + \og^"^J^ + N^~-logb%^{T} 

^ ) <1 It 

The partition function b%J^T) can be evaluated in the following way 
If w e assume that the adsorption potential cal /mol ) is uniform over 
the whole of the adsorbed phase then, neglecting the imperfection of the 
adsorbed layer, 

b%^(T) = 

(cf Fowler 1936a, p 57) 

The imperfection of the adsorbed layer can be taken into account by 
wnting 

and it will be shown later that the coefficients fi, 7, etc are very simply 
related to vinal coefficients Writing 

( 4 ) 

we have 
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The general equation assuming imperfection of the gaseous phase is 




(6) 


Equation ( 1 ) can be deduced readily from this if we use the same model 
of the adsorbed layer Since both gaseous and adsorbed layers are perfect 
we have 


= B^JiT) = 1 , 


and therefore as before 


fa(T) W 


The process outlined above for evaluating equation (6) is typical of the 
general method, in which some definite model is chosen for the adsorbed 
phase and the partition functions corresponding to it evaluated In the 
further discussion given in this paper three models of the adsorbed phase 
will be considered In the first two the adsorbed gas will be assumed to 
behave as a highly compressed gas Proceeding from this, two special cases 
will be considered In the first model the adsorbed gas wiU be assumed to 
possess three translatory degrees of freedom This is equivalent to the 
assumption that the amphtude of any vibration of the adsorbed molecules 
perpendicular to the surface is much larger than the molecular diameter 
In the second model, the adsorbed gas will be assumed to be a two-dimen- 
sional gas. 111 which the molecules moving across the sohd surface execute 
a vibratory motion jierpendicular to the surface whose amplitude is of the 
order of the molecular diameter 

In the third model the adsorbed moletules will be assumed to have no 
lateral but only vibratory movement As Lennard-Jones (1932) has shown, 
the solid surface is a region of varying adsorption potential even on a smooth 
surface, owing to the arrangement of atoms in a lattice structure (cf Fowler 
1932) As the temperature is raised and the adsorbed molecules obtain 
sufficient energy to surmount the potential hills in the surface, this model 
passes over mto the second model 


Cask I 

If the adsorbed phase is a three-dimensional gas, we can write 

UT)lfa{T) = wJw, 
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Assuming the gaseous phase to be perfect, we have 
Bn,(T) = 1 

Equation (6) reduces then to 

Substituting ^Na(y) = + 

we get log^^ = 

If X 18 the number of g mol adsorbed per sq cm , d the thickness of the 
adsorbed layer and a the fraction of the surface available for adsorption, then 


log- 


ad '' ^2 {adf 


where 0 is the adsorption potential per g mol and is Avogadro’s 
number 

To put this equation into a form suitable for apphcation to experimental 
data it is necessary to determine the relation between /tf and y and the vinal 
coefficients for the gaseous phase In order to do this it will be assumed that 
the vmal coefficients are the same for the adsorbed and gaseous phases, 
although later this will be modified to correct for the transition of molecules 
from a three-dimensional to a two-dimensional gas London (1931) shows 
that dispersion forces between molecules are to a first approximation addi- 
tive, and in those gas-sohd interfaces at which the van der Waals’ forces 
are predominantly of the dispersion type it would appear to be reasonable 
therefore to assume that the dispersion forces are not very different in the 
adsorbed from those in the gaseous phase Such systems are those of argon, 
mtrogen and oxygen on platinum, which are considered in the next paper 


Now p = -(#)^ -tN„g?,[log^A. + ,og/„(r)-p 1] 

kNj, (2y-/J»)N« \ 

" h\ K VI I 

Rxl, fiN,x (2Y-fi^)Nix* \ 

^'v:\ ~K n / 
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But the vinal coefficients 


B, C, may be defined by 
RTx/ Bx Cx^ \ 


(2y-^) = -CINl 

. X W2 ad <j) 2 Bx 3 Cx^ 
log- - 


( 6 ) 


This equation can be denved equally simply by purely thermodynamic 
arguments, without using the notation of partition functions Bradley 
(1931) has developed an equation of the same form from such thermo- 
dynamic arguments Williams (1918) has also deduced an equation of the 
same type from a mixture of kinetic and thermodynamic arguments He 
proves that 

log- = Ag — AiX, 


where Aq and Ai are constants 

It has been tacitly assumed that the adsorption potential is constant 
throughout the adsorption volume This assumption will be justifiable if 
monomolecular layers exist, when ( - wdl be the potential energy of the 
adsorbed molecule at its mean distance from the surface The simplest way 
of removing this restriction is to sum the x's tor each value of <l» which 
corresponds to each successive adsorption layer Neglectmg the weight 
factors, for the first layer we have 


log-‘ = log 


log-® = log 


aidi 

2 B 

3(7 

’ RT ^RT 

aidy^^ 

2(aidi)*^ 

ajd, ^8 

2 B 

3(7 

^ RT '^RT' 

a^d^ * 

' 2 {a,d,r 


Unfortunately, it is not possible to solve these equations in a simple manner 
for (aii-faTj-t- ) as a function ofp, and some device of the type employed 
by Whipp {1933) for two layer Langmmr adsorption isotherms will be 
necessary before they can be applied to expenmental results 
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Cass II Adsorbed phase Two-dimensional lateral free motion 

TOGETHER WITH VIBRATION PERPENDICULAR TO SOLID SURFACE 


In this case it is no longer possible to assume that 

UTy/aiT) = Wjw, 

We can wnte instead f„(T) = f'a{T)f^x> (^). 

where /yn, (T) is the partition function for the vibrational energy of the 
adsorbed molecule in a direction perpendicular to the solid surface, and 
fa(^) 18 the partition function for the two-dimensional translatory and 
rotatory energies The partition function for rotation has not been abstracted 
because on this model the rotational energy in the gaseous and adsorbed 
phase should be equal (cf I^ennard -Jones 1932, p 340) 

XT r (2nmkT\i 


For a two-dimensional gas 




2nmkT 

~W~ 


Assuming the vibrations are simple harmonic 

(Fowler 1936a, p 90) Hero phv is the maximum vibratory energy the 
molecule can have without leaving the surface Since adsorption potentials 
are usually at least 5000 cal /g mol can be neglected and we have 

All, 

As before = 1, but B^/J^T) is now given by 

where /?' and y' are the values of ^ and y for the two-dimensional gas and A 
IS the area occupied by one gram molecule of gas Using the method of the 
Clausius vinal the general equation of state of a two-dimensional imperfect 
gas can be shown to be (Mitchell 1935) 

pA=NkT^l-^jy(e-^0'VkT_i)^r'j 
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Assuming that E = +co (r<(T) and E = 0 (rxr), where a is the radius of 
the molecule, we obtain 


pA = NkT + ^ 


The corresponding equation for the three-dimensional gas is 


pV 


From this we see that the equation connecting B and B', where B' is the 
second vinal coefficient for a two-dimensional gas, is approximately 

B — ^o'B' 

Similarly we can write C = 


w here ^ is a constant 

Substituting the above derived values for the vanous partition functions 
111 equation (6), we have 


= (27rmA:T)‘(l-e-A''M)e ^ 2^’ 


log ^ = log - log - log( I - 


^ RT 2 a(T 2(acr)* ' 


This equation is very similar in type to equation (6) develoiied from the 
simpler model 


Cask III Adsorbed gas a Pi.anck oscillator 

OF 3 DEGREES OF FREEDOM 
Here also it is not possible to write 

UT)m = “'iK 

The adsorbed molecule can be assumed to be a Planck oscillator with three 
degrees of freedom, and we get 

/»(?') =/v.b (7) = 

UT) = (inrnmW 
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= (l 




Substituting in (6) we obtain 


C„ ^ w^ {2nmkT)t 


log- 


-log 


(27rmifcT)t(l-f'-'“/fc^)a , <p 2Br ZC 
2A^’ 


' A» 


^RT 


( 8 ) 


where B" and G“ are constants similar m type to vinal coefficients 

It IS interesting at this stage to derive the simphfied versions of equations 
(7) and (8) which can be apphed if the adsorbed gas phase is jierfect, and 
compare the results with equation (1) From (7) we get 


-h — 

and from (8) x = ^ ^ ^ I’^Sg^mTp 

KI Wi h* 

This makes quite evident the errors which are obtained if the Boltzmann 
equation is not apphed with sufficient discrimination 


Shapk of the theokftical adsorption isotherms 

The shapes of the pjx isotherms given by equations (6), (7) and (8) are 
obviously similar It is easy to see that at small values of x, x is proportional 
to p As X increases the progress of the curve depends on the sign of B, the 
second virial coefficient If B is positive, which corresponds with that 
portion of the pV I p curve for gases at which d(pV)jdp is negative, then as x 
increases the adsorption isotherm becomes convex to the pressure axis 
At this stage the nett intermolecular forces are attractive If B is negative, 
then the isotherm is concave to the pressure axis and the nett intermolecular 
force in the adsorbed layer is repulsive At high values of x, the adsorbed 
gas will always be at that part of the pV Ip curve where d{pV)jdp is positive 

It should, perhaps, be pointed out that none of the isotherms, either 
(0), (7) or even (8) which approaches most nearly to Langmuir’s model, 
gives a saturation maximum, because the adsorbed molecules are not 
assumed to be incompressible For all practical purposes, of course, the 
isotherms give a saturation maximum owing to the relatively shght com- 
pressibihty of molecules 
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The diffbrentiai- heat of adsorption and 

THE ADSORPTION POTENTIAL 

The most commonly determined heat of adsorption is the integral heat of 
adsorption Q The difterential heat is then defined as (dQ/dx), which we will 
write as q Comparatively few direct measurements of adsorption heats 
have been made and the normal method of procedure is to apply the 
equation 

{dlogpldT), = -qJRT^ ( 9 ) 

to two different T points on the same x isostere The above equation is 
usually considered to be a corollary to the Clausius-Clapeyron equation 
Coohdge (1926), after a critical discussion, concludes that this equation is 
satisfactory McBain (1932), however, draws attention to the difficulty 
that whore saturation maxima vary with temperature it is impossible to 
construct the isostere when x approximates to x,, the saturation value and 
the equation appears to break down He suggests that this is due to the 
strains set up in the solid during adsorption and that the extent of this 
strain vanes with temiierature Further difficulties are obtamed when 
differential heats so calculated are compared with directly determmed 
values Coohdge found they agreed only to a first approximation, the 
calculated values being somewhat less than the experimental A similar 
discrepancy has been reported by Pearce and Taylor (1931) 

The above difficulties are entirely removed if the equation is applied as 
it should be to the concentration (x/od) isosteres instead of x isosteres, for 
(od) 18 not independent of temperature, in fact, as will be shown in a later 
paper, 

ad = (10) 

It 18 not necessary to denve the exact equation thermodynamically 
because it can be obtained without trouble from the general adsorption 
isotherm (equation ( 6 )) In this equation the B{TYb determme the potential 
energy of a molecule due to molecular interaction and we can write 
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where Wg and are the potential energies with reference to a perfect gas 
as the standard state and are functions of Cg and Ca respectively Then 


* 1 X 0, „ , 






log- 


+ log(l — — - 


where a' and a’ are the appropriate degrees of freedom for translation and 
vibration m the adsorbed phase 

Integration of the Clausius-Clapeyron equation gives 


X . X 
log-.log^. 


R ^ 


CT 


Here (0,)^ and {Ct)„ are the constant part of the specific heat for gaseous 
and adsorbed phases, Cy,t, is the specific heat associated with the vibration 
of the adsorbed molecule and t is the chemical constant The specific heats 
due to rotation and internal vibrations of the molecules have been assumed 
to be equal m both phases Oimpanng (9) and (11) 

-<P+Wg+W, = q^-Wg+W^ 


and 


» = log 


S-* a-£ 

(27rm) » A. * 
A®- 


Qq is here the heat of adsorption when both gaseous and adsorbed phases 
are perfect and at absolute zero, and 

q = (qo-Wg+ WJ - J\.b dT - {(C,). - (CJJ T, (12) 

where q is the differential heat of adsorption and is given by 

{dlogpldT)(^,^a) = -q/ST^ 

This gives us the relation, therefore, between <j> and q We can rewrite ( 1 2) as 
q^qr-Wg + Wg, (13) 

where q^ is the differential heat of adsorption at temperature T under con- 
ditions such that Wg and W^ are zero, i e low concentrations m both adsorbed 
and gaseous phases 
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The error which arises where x isosteres are used to calculate q instead of 
(x/od) isosteres can be demonstrated readily From (11), (12) and (13) 



From (10) we have ad = , 

where /? is a positive quantity, so that 

Values calculated from the x isosteres are therefore less than the true values 
by the amount is therefore greater than q, in agreement with the experi- 
mental results of Pearce and Taylor 


The decrease in q with increase of x 

As a general rule, the dilferential heat of adsorption decreases with m- 
crease m amount adsorbed The theoretical relation between x and q can 
be readily derived From (9), (11) and (12), we have 


where 

f'(T) 


log xIp = logad + Tf'(T)+f'’(T)-qlRT, 
Ae) 

(2 ■^(e-A‘’/*^-l)/lf*r 


l_e-A»/fcr)» J 


There are no satisfactory data existing which enable a test to be made of 
this equation, for no one has measured heats of adsorption on plane surfaces 
The calculated values rejiorted in the literature are erroneous for the reasons 
mentioned above The direct relation between q and x is given by (13) If 


If this decrease is due to molecular interaction and not to heterogeneity 
of the surface field must be positive Therefore B, the second vinal 
coefficient, must be negative, indicating a nett repulsive force between 
molecules in the adsorbed layer 
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SUMMABY 

The generahzed adsorption isotherm is shown to be 

where and Cg are the molecular concentrations m the adsorbed and 
gaseous phases respectively, (j> is the adsorption potential and /^(T), 
fa{T), and are partition functions These functions have 

been evaluated for three special cases in which the adsorbed phase is (a) a 
three-dimensional gas, (6) a gas of two-dimensional lateral mobility whose 
molecules vibrate in a plane perpendicular to the plane of lateral mobihty, 
and (c) a group of Planck oscillators with three degrees of freedom 
The relation between ^ and q, the differential heat of adsorption, is 
deduced and it is shown that the common practice of calculatmg from 
the equation 

[d log pjdT)^ = -qJRT^ 

IS erroneous The correct equation is 

(0 Iogp/0T)(,/<^,= -g/i?T*, 

where (x/ocd) is the concentration m the adsorbed layer 

My thanks are due to Professor R H Fowler for much kind advice and 
assistance durmg the pre{mration of this pajier 
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The adsorption of argon, nitrogen and oxygen 
on smooth platinum foil at low 
temperatures and pressures 

By F J WnjoNS 

Research Department, Imperial Chemical Industries, Billingham 

(Communicated by R H Fowler, FR 8 — Received 20 September 1937) 

The w ork to be descnbed m this paper is, in effect, an extension of the 
earher researches of Langmuir (1918), who measured the adsorption of 
argon, nitrogen, oxygen, carbon monoxide, carbon dioxide and methane 
on mica and glass at pressures up to 0 1 mm and temperatures of 90° and 
156° K He also investigated the adsorption of these gases on a smooth 
platinum foil surface, but except for a slow irreversible adsorption of oxygen 
at temperatures above 0° C , he was unable to detect any adsorption 
In order to interpret his experimental results, Langmuir deduced his well- 
know n adsorption isotherm 

X = abpl{l+ap), 

where x is the amount adsorbed at a pressure p and temperature T Of the 
constants b is equal to the saturation maximum, a is equal to 
where a^ is a constant and ^ is the adsorption potential 
Langmuir showed that this equation was satisfied by his expenmental 
results It has since received widespread apphcation One of the out- 
standing successes was obtamed in the careful work of McBain and Bntton 
(1930) on the sorption of the vapours of mtrous oxide and ethylene on 
charcoal 

Failure of the values of x andp to satisfy this equation is usually attributed 
to the composite nature of the adsorbmg surface There are, however, two 
senous difficulties which cannot be disposed of so easily Both concern the 
constant b, the saturation maximum If Langmuir’s equation is correct, 
the value of 6 should be the amount of gas required to cover the adsorbmg 
surface with a layer one molecule thick The following table gives Lang- 
muir’s and Bawn’s figures for the fraction of the adsorbmg surface covered 
when vanous gases were adsorbed on mica, Huckel (1928) Bawn (1932) 
With the exception of Bawn’s figures for carbon monoxide the surface is 
only partially covered at saturation An even more senous cnticism has 
t 610 ] 
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been brought forward by Huckel (1928), who pointed out that theoretically 
b should be independent of temperature Actually, as the above table shows, 
b IS very markedly reduced by increase of temperature Zeise (1928) showed 
empirically that 6 = 6^(1 — kT), where b^ and k are constants 

Table I 


Langmuir 




Gas 


7’ = 90°K T=165“K ' T = 


193° K 


N, 0 22-0 20 

CH4 0 04-0 80 

CO 0 38 

A 0 17 

O, 0 11 

CO, — 

Acetone — - 


0 08 — 

0 17 — 

0 13 in 

0 00 0 30 

0 03 0 23 

0 41-0 47 — 

— 0 32 


0 82 
0 16 


240° K 


In order to investigate these problems further it was decided to carry out 
measurements similar to those mode by Langmuir Instead of using mica 
and glass it was decided to use platinum foil as the adsorbing surface Mica 
and glass, although readily obtainable in thin sheets with smooth surfaces, 
have the drawback that they possess so comphcated a lattice structure that 
the arrangement of the surface atoms is not accurately known Platinum, 
on the other hand , is free from this objection and , moreover , can be obtained 
as a smooth foil which can be cleaned vigorously without impairing the 
surface smoothness As it was almost certain that Langmuir s failure to 
measure adsorption on platinum at low pressure and temperatures was due 
only to the insensitivity of his apparatus, it was decided to use platinum as 
an adsorbent After a few trial experiments, an apparatus was designed 
capable of measuring the adsorption of argon, nitrogen and oxygen on 
platmum at temperatures between 90 ° and 190 ° K 


Experimental 

The arrangement of the apparatus 18 shown in fig 1 The adsorption vessel 
A IS made of pjnex and is connected via a pyrex -glass seal to a Pirani gauge 
from which it can be isolated by means of a tap The Piram gauge in its turn 
is connected to a vacuum line, a McLeod gauge and a storage vessel which 
contained the purified gas required for the experiments All glass or pyrex 
used for the apparatus was carefully cleaned with hot chromic acid and 
distilled water The vacuum for the adsorjition section was obtained from 
an Apiezon oil diffusion pump backed by a Hyvac These were separated 


Vol CLXlV— A 
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from the tap isolatmg the Piram gauge system by a trap, surrounded by 
hqmd air day and mght, and a PjOj tube The vacuum for the McLeod gauge 
section, which was used dunng the calibration of the Piram gauge, was 
obtained from a two-stage Volmer mercury diffusion pump set, backed 
with a Hyvac 



Great care was taken to keep the apparatus free from mercury and grease 
Mercury vapour from the McLeod gauge was condensed out in a liquid air 
trap and the traces that passed through the trap entered the Piram gauge 
chamber only, as all calibrations were made before the adsorption vessel 
was sealed on All taps were carefully ground so that mercury sealing was 
unnecessary and they were greased w ith Apiezon low vapour pressure grease 


PiBANI GAUGE 

The filament of the Piram gauge was made of flattened nickel wire 
(Ellet and Zabel 1931) It was operated according to the method of Camp- 
bell This method gives at low pressures a hnear relation between the 
pressure p and the square of the voltage across the bridge 

p = k{V^-Vl)IVl 

where V is the bndge voltage at pressure p and the voltage tn vacuo 
Cahbrations were carried out over the range 6 x 10~* to 10~^ mm At the 
higher pressures used in these experiments the above equation departed 
from linearity and cahbrations were made at frequent pressure intervals 
The voltmeter used was a Crompton umversal indicator 
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VOUTMB MBASUBEMKNTS 

Volume measurements were made with reference to a bulb whose volume 
had been measured by filhng it with water, using hydrogen as the reference 
gas Before making them, the whole of the apparatus was very carefully 
baked out 


Temperaturk measurement 

Experiments were earned out at various temperatures between 80° and 
196° K These were obtained by using constant temperature baths of liquid 
mtrogen, liquid air, liquid oxygen, hquid methane, liqmd ethylene and 
solid carbon dioxide and acetone The temperatures of these baths were 
measured with a copper constantan thermocouple, which was cahbrated 
frequently against a platinum resistance thermometer, which had been 
standardized at the National Physical Laboratory The temperature 
measurements were self-consistent to within 0 6° 


Preparation and purification of gases 
(o) Oxygen 

The oxygen was prepared by heating A R potassium permanganate It 
was purified by treatment with caustic potash and then by storage in a 
vessel surrounded with liquid air 

(6) Nitrogen 

The nitrogen was kindly supphed by Dr E J B Willey, who reported 
that the sample was so pure that it refused to give the active mtrogen 
afterglow It was prepared from air and therefore contained the usual 
traces of inert gases 

(c) Argon 

The argon was obtained from a cylinder supplied commercially It was 
purified using the method of Baxter and Starkweather, which consists in 
fractionating it from chabazite between the temperatures of 90° and 1 90° K 
This method is reported to give a gas which is spectroscopically pure 

(d) Hydrogen 

The small quantities of hydre^en needed were made as they were required 
by heating with a hydrogen flame a portion of a hollow palladium tube 
which was sealed mto the apparatus 

34 a 
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Knuvsbn thermal tbansfibation cobeeotion 

Overtherangeofpressureusedintheseexpenraenta, 6x 10 ®tol0 *mm, 

the thermal transpiration correction is very important It was impossible 
to reduce it to neghgible proportions by workmg with large diameter tubes, 
as the volume of the apparatus was reduced to a mimmum in order to 
achieve the maximum sensitivity It was also impossible to work over the 
square root range, as this would have required a capillary tube connection 
between the adsorption vessel and the Pirani gauge, which would have made 
the task of baking out the adsorption vessel very diflicult indeed The tube 
connecting the adsorption vessel and Piraiii gauge in the final series of 
experiments had an internal diameter of 4 mm The Knudsen correction 
was determined for argon, nitrogen and oxygen at all temperatures used and 
over the w hole pressure range 

Langmuir estimated his correction by determining it for hydrogen, which 
IS not adsorbed, and then assuming it was the same for all other gases at 
those pressures at which the mean free paths were equal This assumption 
18 true only over a narrow pressure range at the lowest pressures 


The measurement of the ■Ihermal transpiration correction 

In order to measure the thermal transpiration correction, the apparatus 
was first carefully baked out and evacuated During this operation, the 
P 3 Tex adsorption vessel was kept at a temperature of 500® C for 24 hours 
After isolating the pumps and closing the tap between the adsorption vessel 
and the Piram gauge, gas was admitted to the gauge at a measured pressure. 
Pi It was then expanded to the adsorption vessel, which contained no 
platinum and which was placed in a constant temperature bath The new 
pressure Pj was measured after equihbnum had been reached From these 
two figures the apparent pressure, pg, in the adsorption vessel was calculated 
assuming that there was no adsorption Then 

PiFl - ^ 4. j. 

Rfi RTi BTill3' 

where is the volume of the Piram gauge, F, the volume of the connecting 
tube between the tap and the level of the hquid in the constant temperature 
bath, and the volume of the adsorption vessel immersed in the bath 
I\ 18 the air temperature, T, the bath temperature, R the gas con- 
stant 
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Now if a: 18 the mass of gas adsorbed on the walls of the adsorption vessel, 
at the apparent pressure of pg we have 

RT^ ^R%' 

where po >8 the true pressure in the adsorption vessel p, was measured for 
all gases over the whole range of temperature and pressure The expen ments 
were then repeated with the adsorption vessel filled with pyrex glass tubing 
of known area, which enabled a series of pressures to be determined 


where V^ is the volume of the adsorption vessel minus the volume of the 
added tubing and a is the ratio between the surface area of the adsorption 
vessel together with the tubing and the surface area of the adsorption vessel 

From these two senes of expenments values ofpg and x were determined 
for all values of pg In actual fact the values of x were so surprisingly small 
that they pould be neglected except for temperatures of 90° K or less The 
Knudsen thermal transpiration correction I = pjp^ was then calculated for 
all values of pj 

In Table II are given the observed results for the transpiration correction 
for nitrogen and also the values calculated from the measured transpiration 
correction for hydiogen, assuming that the corrections are equal at the same 
mean free path It is clear that Langmuir’s assumption is not correct 


Tablb II 


in mm 10’ measured calculated 

0 5 0 64 — 

1 0 0 01 0 63 

1 5 0 68 0 64 

2 0 0 73 0 80 

2 5 0 77 0 68 

3 0 0 79 0 09 

3 5 081 071 

4 0 0 82 0 72 

6 0 0 84 0 76 

6 0 0 86 0 78 

7 0 0 87 0 80 


ADSORPnON KXPBBIMENTS 


The platinum used in these expenments consists of a roll of smooth 
platinum foil, 9600 sq cm in area This was carefully cleaned, first with hot 
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nitnc acid and then with hot chromic acid It was finally washed thoroughly 
with distilled water and placed in the pyrex adsorption bulb All the water 
adhering to the foil, with the exception of the last traces, was removed by 
heating under vacuum in a separate apparatus The adsorption bulb was 
then sealed into its final position in the apparatus and baked out at a tem- 
perature of 600° C until, after isolating the pumps, no measurable pressure 
developed over a iieriod of 12 hours This baking-out process took several 
days 

The method of oarr}ang out the adsorption experiments was almost 
identical with that used to determine the thermal transpiration coefficients 
The apparatus was baked out for 1 2 hours at 600° C Gas at a known pressure 
was expanded from the Pirani gauge to the adsorption vessel, which was then 
isolated and more gas was added to the Piraiii gauge This in its turn was 
allowed to expand into the adsorption vessel In this way a senes of points 
on each isotherm was determined At low temperatures the amounts 
adsorbed were so large that, even when the Piram gauge was filled with gas 
at as high a pressure as the calibration curve allowed (10-^ mm ), on expan- 
sion to the adsorption vessel, the equihbrmm pressure was too small for the 
gauge to measure Under these conditions the error of the measurement is 
equal to the error in measuring the pressure, which is ± 2 % At the high 
temperatures 170° and 190° K , when the amounts adsorbed were less, the 
errors became larger 


REStTLTS 

The experimental results are given in Tables III-XIV The curves for 
nitrogen are plotted in fig 2 to illustrate the smoothness of the experimental 
curves and the change in the shape of the curve with change of temperature 
Unfortunately, owing to a senous breakdown in the apparatus and to the 
short time available for completmg this investigation it was not possible to 
carry out more than one check exjienment If the results given m Tables III 
and IV for the adsorption of mtrogen at 83 6° K are compared it is found 
that the values of x given in Table III are about 4 % lower than those given 
in Table IV This agreement can be considered to be satisfactory m view of 
the nature of the experiments and the possible error in temperature measure- 
ment of 0 5° K Further, the self-consistency of the experimental results as 
judged by the closeness ivith which they can be placed along a smooth curve 
18 also very satisfactory Only in the case of the expenments at 170° and 
193° K , where the amounts adsorbed are very small, do the errors become 
at all senous 
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Table HI Table IV 


Bath Liquid air Bath Liquid air 

Temperature = 83 6“ K Temperature = 83 5° K 




® in g mol /aq cm 


X 1 

n g mol /sq cm 

pi 

nmm 10* 

of Pt 10>» 

P 1 

in mm 10* 

of Pt 10*® 


0 813 

1 99 


0 069 

1 19 


1 08 

2 21 


0 325 

1 75 


1 75 

2 44 


0 633 

2 00 


2 24 

2 61 


0 996 

2 27 





1 62 

2 61 





2 13 

2 69 





2 88 

2 89 





3 71 

3 06 





4 37 

3 19 





5 14 

3 34 





6 01 

3 47 





6 93 

3 59 


Table V 


Table VI 


Bath Liquid oxygon 


Bath Liquid i 

nethane 


Tomperatui 

re = 00 6°K 


Temperature = 

112 2°K 



e in g mol /sq cm 


X 1 

n g mol /sq cm 

p 

in mm 10* 

of Pt 10*® 

P 1 

in mm 10* 

of Pt 10** 


0 34 

0 98 


0 305 

2 32 


0 78 

1 25 


1 04 

4 26 


1 51 

1 52 


2 20 

5 68 


2 49 

1 70 


3 87 

6 82 


3 64 

1 90 


a 87 

7 66 


0 14 

2 16 


7 96 

8 16 


8 45 

2 37 


10 2 

8 34 


10 70 

2 51 


12 2 

8 44 


12 40 

2 69 


14 6 

8 60 


Table VII 


Table VIII 


Bath Liquid ethylene 

Bath Solid carbon dioxide acetone 


Temfwratur 

e = 170 4°K 


Temporatiire = 

194 6°K 



xmg mol /sq cm 


X I 

n g mol /sq cm 

pi 

in mm 10* 

of Pt 10*» 

p 1 

in mm 10* 

of Pt 10*« 


0 687 

2 04 


0 877 

2 34 


1 44 

7 72 


2 04 

3 18 


2 62 

10 6 


3 17 

6 72 


3 98 

18 2 


4 66 

5 66 


6 56 

20 2 





7 40 

23 9 





10 10 

23 9 





12 6 

26 7 
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Argon experiments 


Table IX 


Table X 

Bath Liquid nitrogen 

Bath Liquid oxygen 

Temperature = 

: 77 3°K 

Temperature = 90 5° K 

' XI 

n g mol /sq cm 


xmg mol /eq i 

p in mm 10* 

of Pt 10*® 

p in mm 

10* ofPt 10*® 

0 406 

2 81 

1 40 

1 33 

0 835 

3 34 

2 74 

1 76 

1 00 

4 26 

4 27 

1 99 

3 76 

6 02 

6 11 

2 26 

6 50 

5 81 

7 97 

2 46 

7 54 

6 26 

10 14 

2 71 

0 82 

6 80 

12 3 

2 92 

12 1 

7 30 

15 3 

3 16 

15 2 

8 08 

18 8 

J 30 



21 6 

3 43 

Table XI 


Table XII 

Bath Liquid methane 

Bath 

Liquid ethylene 

Temperature = 

112 2®K 

Tempi 

(.rature = 172 2°K 

XL 

n g mol /sq cm 


xmg mol /sq < 

pm mm 10* 

of Pt 10' * 

p m mm 

10* of Pt 10'* 

0 80 

3 33 

1 01 

2 00 

1 06 

5 60 

2 16 

7 67 

3 15 

6 07 

3 01 

10 40 

5 60 

8 73 

6 66 

17 7 

8 97 

10 8 

10 5 

19 7 

12 1 

12 2 

14 6 

23 2 

14 0 

13 1 

188 

26 0 

16 1 

14 0 






The adsorption of argon, nitrogen and oxygen 


619 



Fio 2 Nitrogen wotherms 


Discussion 

Application of the Langmuir isotherm to the results 

At the lower temperatures all three gases give adsorption isotherms which 
are not concave enough to the pressure axis to be typical of the Langmuir 
adsorption isotherm In each case there appears to be a middle part of the 
isotherm which is almost hnear (see fig 2) The Langmuir equation has been 
apphed to the results m the usual way by plotting pjx against p, which 
should give a straight hne Such curves, except for some experiments at 
112° and 170° K , are concave to the p-axis and indicate that more gas is 
adsorbed in the later higher pressure stages than is to be expected (see 
figs 3 and 4) The curves for mtrogen are particularly interesting because 
they show that the Langmuir equation is obeyed at 1 12° and 170° K That 
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this IS not due to a masking of the curvature caused by expenmental in- 
accuracy 18 proved by the smoothness of the isotherm at 112° K and also 
by the way in which the individual pomts of the plot of pjx agamst p he 
so accurately on a straight hne The evidence for argon and oxygen is 
similar, but not so clear m that argon, for example, still shows a defimte 
departure from the Langmuir isotherm at 1 12° K For all three gases it can 
be said that the higher the temperature at which adsorption occurs the more 
closely 18 the Langmuir equation obeyed The excess adsorption which occurs 
in all cases over and above that expected from the equation is to be attri- 
buted without doubt to intermolecular forces of attraction which will be 
more apparent at low temperatures 



Fio 3 Nitrogen 
The aaturalton maximum 

The values of the saturation maximum, can of course be easily cal- 
culated for those experiments whose results satisfy the Langmuir equation 
For the other cases the following procedure has been adopted A straight 
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line haa been drawn through the last three points of the pjx, p curve In 
every case these points lay quite accurately on this Une From the slope of 
this hne the value of x, is calculated m the usual way This method is prob- 
ably not very greatly in error provided that the values of x corresponding 



Fig 4 Neon 

to these three points are at least 60-60 % of the value of a:,, because at this 
stage in the adsorption the concentration in the adsorbed layer is so large 
that the forces of repulsion between molecules predominate m determming 
the adsorption equilibnum The results are given in Table XV and it is 
easy to see that x, decreases rapidly with increase of temperature in agree- 
ment with the results of Bawn and Langmuir 
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Table XV Saturation maxima 


Oas 

Nitrogen 

X, g mol / 

Oxygen 

X. g rnol / 

Argon 
X, g mol , 

yoR 

cm*x 10‘® 

cm«x 10‘« 

cm*x 10> 

77 3 

_ 

— 

13 0 

83 5 

46 

— 

— 

90 6 

33 

64 

43 

112 2 

1 1 

— 

2 3 

170 4 

0 42 

0 96 

0 39 


Application of the vinal adsorption isotherm to the results 
In an attempt to elucidate further the pjx relationships which have been 
found ex|ierimentally the vinal adsoqition isotherms which were denved 
in the previous paper have been applied to the expenmental results (see 
equations (6), (7) and (8) of the previous paper) 

In order to do this it was necessary to fit the experimental results to an 
equation of the type 

loga;/p = L + bx + cx^ + 

As a first attempt Mr R R M Mallock substituted the expenmental 
values in the above equation and solved directly for the coefficients on his 
calculating machine The range of values of x, which owing to the experi- 
mental difficulties was limited, was too small to enable any coefficients to 
be determined with any degree of exactness at all The coefficients were 
therefore determined in the following way For small values of x we have 

log X Ip = k + bx 

If this equation is apphed to values of x and p outside the range over which 
this equation is vahd, then 

log xjp = ki + b^x 

If the values of x are not too large, then we can wnte 
ki = k + cx 

and = bf,+dx 

Substituting log xjp = ^ + (c + 6o) a: dx^ 


These equations were solved from three values of x and p taken from the 
smoothed curve over the range occupied by the first three x and p readings 

on the log x curve At the higher values of x, the above parabolic equation 
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gave values of log ar/p which were too low It was always possible to obtain 
a perfect fit over the whole range by adding a term in x* This method was of 
course employed only for the measurements at or below 90 5° K At the high 
temperatures the curve fittmg was simplified (although the experimental 
results, particularly at 170° K , were not very accurate), because owing to 
the small amounts adsorbed, the lower values of x fitted the equation 

logxjp = L + bx 

The higher values of x were easily dealt with by the addition of a term in a:* 
The equations so calculated are given below 

Abqon 

T= 77 3°K logar/p = -136-1 40x 10»“x + 092x 10i»a^-l 4x 10®«a;« 
T= 906°K loga;/p = -16 6-2 66X 10‘®x + 0 44x 10®«3:*-2 8x 10»*a:« 
T= 112 2°K Iogx/p = -18«-2 06xl0“x + 0 23xl0“x* 

T = 1704°K logx/p = -21 6-4 9 X 10“x 

Nitrogen 

835°K Iogx/p = -120-335xl0>®x + 039xl0«»a;*-0 92xl0*®x« 
905°K Iogx/p = -14 0-4 43xl0>«x + 0 90xl0«'x^-134xl0®«x« 
112 2°K Iogx/p = -17 8-3 66xl0i»x-4 01xl0i''x» 

T = 170 4°K logx/p = -21 0-4 6 x 10»»x 

Oxygen 

r== 90 6° K Iogx/p = -13 4-3 42xl0i«x+0fi0xl0®®x*-0 86xl03«x* 
T= 172 2°K logx/p = -21 0-2 76x 10“x 
X IS in g mol /sq cm and p in mm of mercury 

Having determine!! values of i and b it is possible by substituting in 
equations (6), (7) and (8) of the previous paper to calculate (ad) or (aa) 
the volume of the adsorbed phase and, ^ providing H, the virial coefficient 
for the gas phase, is known a is the fraction of surface area available for 
adsorption and d is the thickness of the adsorbed layer in one case, and m 
the other it is assumed to be equal to the molecular diameter of the adsorbed 
molecule o- (see previous paper) 
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Evaluation of the vtrial coefficients 

The values of the second vinal coefficient B can be calculated from gas 
data using Lennard- Jones’ method (Fowler 1936, p 299) For both argon 
and mtrogen at all temperatures used in this investigation B is negative, 
1 e the molecular attractive forces are greater than those of repulsion The 
expenmental results however show that the forces of repulsion predommate 
(since dp/dx increases with increase of x) and it is evident that over the 
observed range of experiment vinal coefficients of higher order than the 
second are the important factors The adsorbed gas is in fact on that part 
of the isotherm which is above the Boyle jximt and to which the equation 
p(F-6) = kT applies approximately Since repulsive forces predommate 
it 18 possible to evaluate roughly a coefficient by the Lennard Jones method 
neglecting the attractive forces This is broadly what has been done m 
applymg the vinal coefficients to calculation of crystal parameters, except 
of course that the assumption that repulsive forces only are important is 
much more nearly true for the crystal state than for the adsorbed layer The 
values of B have therefore been calculated for argon and nitrogen assuming 
an r~* ® law for the repulsive foice No data exist which allow us to calculate 
B for oxygen 

Having evaluated B it is possible to substitute m the adsorption isotherms 
(equations (h) and (7)) and evaluate (ad) or (acr) For equation (8) the 
simplest assumption is to put B' = B" This is not exactly true, but in the 
special c-ase under c onsideration the error is perhaps not large The molecular 
diameters of argon, oxygen and mtrogen are 3 64 x 10~®, 3 62 x 10~* and 
3 80 X 10'“ cm respectively The platinum atoms are arranged on a lattice 
of umt length, 3 91 x 10“* cm Providing therefore that molecules can be 
adsorbed on adjacent lattice squares it is evident that molecules so ad- 
sorbed vill approach each other almost as closely as they do in a molecular 
colhsion They cannot however approach quite as closely as this liecause we 
have assumed that lateral mobility is restricted owing to the existence of 
potential hills between the adjacent molecules 


Results 

The values of a so calculated are given below, together with the values of 
the adsorption volume calculated from x, a is calculated from x, by assuming 
that at saturation those parts of the surface which can adsorb are covered 
with a close-packed monomolecular layer of molecules a can alternatively 
be calculated by assummg one molecule is adsorbed per lattice square, and 
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since the area of such a square is for platinum nearly equal to the square of 
the molecular diameter of argon, mtrogen and oxygen the difference m the 
two values is qmte smaU In each case d and or have been put equal to 
4 X 10"® era 


a FRACTION OF SURFACE AREA AVAILABLE FOB ADSORPTION 




Argon 




Nitrogen 




a. 

a 

a 


a 

a 

at ' 

T°K 

Bx 10* 

(*.) 

(6) 

(7) and (8) Bx 10* 

(*,) 

(6) 

(7)and(8) 

77 3 

5 26 

1 06 

0 21 

0 31 

— 

— 

— 

— 

83 S 

— 

— 

— 

— 

6 88 

0 40 

0 10 

0 15 

906 

6 16 

0 35 

Oil 

0 17 

6 72 

0 28 

0 08 

0 12 

1122 

4 66 

0 18 

0 12 

0 18 

6 31 

0 096 

0 08 

0 12 

170 4 

4 06 

0 03 

0 06 

0 08 

4 75 

0 04 

0 06 

0 09 



Fio 6 

The agreement between the values of a calculated from 6 and x, is reason- 
ably satisfactory at 112° and 170° K having regard to the difficulty of 
as si g nin g appropnate values to the vmal coefficients At low temperatures 
the values of a calculated from b are much less than those calculated from x. 
This is to be expected if, as the shape of the adsorption isotherms suggest, 
intermolecular forces of attraction play an important part at these tem- 
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peratures and surface concentrations m determining the molecular energy 
of interaction m the adsorption layer In fig 6 the true adsorption isotherm 
and the isotherm represented by (o) the expenmental figures and (6) an 
adsorbed layer with only repulsive forces are drawn A brief exammation of 
these curves shows that owing to the restricted range of the expenmental 
data m cases where attractive forces are a significant part of the total 
force of molecular interaction the apparent value of b will be lugher than it 
would be if in the adsorbed layer repulsive forces only were effective 

The influence of temperature on the volume of the adsorbed phase 
Hiickel (1928) first pointed out that the saturation maximum as cal- 
culated from the Langmuir equation should be independent of the tem- 
perature, whereas all the experimental evidence showed that this was not 
the case Several authors have discussed this problem (cf Wilkins and Ward 
1929, and Bradley 1931) All these have worked with x, and have assumed 
that its temperature coefficient is due to some factor which alters the 
number of molecules which can be packed into the adsorbed phase, the 
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volume of which la independent/ of temperature The foregoing discussion 
suggests that the values of the adsorption volume [ad) calculated from x, 
are the most rehable values While the values of [ad) or a so calculated cannot 
be of a high order of accuracy, a plot of l/T agamst log a would suggest that 
oflFects of the temperature can be represented roughly by the equation 
a = where c and fi are constants (see fig 6) 

The magnitude of the temperature coefficient is so large that the factors 
discussed by Wilkms and Ward cannot possibly account for it Bradley's 
factor 18 automatically taken account of in the vinal coefficient It is of 
course possible to argue that the sharp increase of adsorption volume with 
decreasing temperature is due to the formation of polymolecular layers 
The tliscussion of the previous section, while it cannot be said to dispose of 
this possibihty entirely, does at least indicate that the results are not m- 
consistent with the theoretical equiitions which tacitly assume mono- 
molecular layers If this view-point is correct we can draw the interestmg 
conclusion that even on a smooth metal foil surface the surface fields are 
not uniform The surface can be energetically composite in two ways If 
we assume that the heterogeneity is associated with the type of structure 
postulated by exponents of the ‘ real Krystall ’ the exponential temperature 
effect can be explained Goetz and Hergenrother (1932) state that if bo 
the number of atoms per umt volume of a large crystal existing in perfect 
lattice configuration, and the corresponding number of decrystalhzed 
atoms, then 

(NdN, + N^) =f{T), 

where /( T) is exponential It is of course important to note that this equation 
was developed in the discussion of the behaviour of a metal near its meltmg 
point and to apply it to the problem under discussion is perhaps an un- 
warrantable extrapolation 

There is one very important imphcation made in the calculation of [oul) 
from b It 18 that the molecules are concentrated together in a small 
fraction of the surface and not umformly distributed over it If the adsorbed 
molecules are uniformly distributed over the surface area the adsorption 
volume, which is sigmficant as far as the evaluation of B^[T) is concerned, 
IS not [ad) but the total adsorption volume per sq cm , which is [d) There- 
fore, in order that [ad) should equal [d), for example, for argon and mtrogen 
at 1 1 2 ® K the second vinal coefficient B will have to be ten times larger 
than the value used This is far outside the range of experimental error 
We are therefore dnven to the conclusion that the atoms m a sohd surfaco 
which are capable of adsorbing molecules are congregated together in 
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patches and that the adsorbed molecules form islands m the surfaces The 
concept of islands existing in the adsorbed layer has been employed by 
Polanyi and Welke (igaS) and Goldmann and Polanyi (1928), and also by 
Benton and White (1930, 1931), to explain discontmuous adsorption 

The adaorption potential 

In view of the difficulties which are encountered in applying the vinal 
adsorption isotherm to the expenmoiital results obtamed at the lowest 
temperatures the adsorption potential has been evaluated only at 112® and 
170° K , using equations (7) and (8) ot the previous paper There is no 
evidence existing which allows iis to deter mine cr It has been assumed that 
tT for the adsorbed molecule is the same as tor the platinum atoms, 1 e 
3 1 X 10~^* Since the vibratory motion of the adsorbed molecules is con- 
ditioned almost entirely by the vibratory motion of the platinum atoms 
this IS not an unreasonable assumption to make The results are tabulated 
below 



Nitrogen 


Argon 


Pi 

P» 

Pi P,' 

112 2 

4400 

6300 

4000 4800 

170 4 

6700 

7200 

6300 6600 


It appears that tp., and increase markedly with temperature Actually 
the adsorption potential would be expected to be independent of tem- 
perature If, however, there is a change of physical state of the adsorbed 
layer so that melting or lateral diffusion occurs between 112 2® and 170®K , 
then the adsorption potential is given by at 1 12 2°K and pj at 170 4°K 
This gives us an adsorption potential independent of the temperature and 

6500 cals and fv 6000 cals 

Lennard-Jones (1932) has developed a quantum mechamcal calculation 
of that part of <p, which is due to the attractive forces existing between 
the solid surface and the adsorbed molecule He has not been able to 
calculate the repulsion potential ^4,, but he estimates it to be 40 % of 
Now IS given by 



where e is the electronic charge, R is the equihbnum distance of the adsorbed 
molecule from the surface and f* is a quantity which can be calculated 
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when the diatnbution of electrons in the adsorbed molecule is known For 
diamagnetic molecules f * is given by 

f* = 

where x is the diamagnetic susceptibility per gram atom, L is Loschmidt’s 
number, m is the mass of the electron and c the velocity of hght Following 
Lennard-Jones, B has been taken as the mean of the least distance of 
approach of the gas molecules in the solid state and of the platinum atoms 
in the solid state The values of ^ are 

Nitrogen 2500 cal /g mol 
Argon 5300 cal /g mol 

He suggests that 40 % should be allowed for the potential of the repulsive 
fields and this gives for <j> 

Nitrogen 1500 cal /g mol 
Argon 3200 cal /g mol 

The experimentally determined <j>’s arc therefore much larger than these 
theoretical values There are two points of importance here The jilatinuin 
foil was cleaned before use with hot mtric and chromic acids This treatment 
would probably cause the formation of a thin layer of oxide which would, 
of course, completely alter the surface properties It should be pointed out 
however, that Thomson, Stuart and Munson ( 1933 ) have shown that heating 
sputtered films of platinum which were covered with PtO^ to above 225° C 
removed the oxide to such an extent that it could not be detected by 
electron diffraction Langmuir (1918, 1922) states that oxygen is so strongly 
and irreversibly adsorbed by platinum that it is retained even at tem- 
peratures as lugh as 1200° C It is possible, therefore, that the platmum 
was covered with a monomolecular layer of chemisorbed oxygen 

A further point to be borne in mind also is that the exjfieriments show 
qmte clearly that although the surface is plane it is not homogeneous, and 
the fraction available for adsorption decreases rapidly as the temperature 
18 raised from 80° to 190° K This is characteristic of the results of all experi- 
ments which have yet been reported where adsorption is reversible If the 
majority of the surface has an adsorption potential of 1500 cal /g moj for 
mtrogen and 3200 cal /g mol for argon the amounts adsorbed on it will be 
qmte small compared with those parts of the surface havmg a potential of 
5000-6000 cal /g mol , except at low temperatures where the areas of 
higher potential may be very nearly saturated 



630 


F J Wilkins 


I should hke to express ray thanks to Professor F G Doiman, m whose 
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of the vinal isotherm I am also indebted to the Department of Scientific 
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Summary 

The adsorption of argon, mtrogen and oxygen on a smooth platmum foil 
has been measured at various temperatures between 77 and 193° K 
over the pressure range of 6 x to 2 x mm It is foimd that the 
deviations from the Langmuir adsorption isotherm are greater the lower is 
the temperature The values a of the fraction of the apparent surface 
covered by the gas at saturation is unity only for argon at 77° K In all 
other experiments a was much less than unity Further, the rate of 
decrease of a with increase of temperature is much more rapid fhan is 
given by Zeise’s linear equation and can be expressed approximately by 


where c and are constants After a discussion of the results, using the 
vinal adsorption isotherm, the failure of the Langmuir adsorption isotherm 
at low temperatures is attnbuted to the mtermolecular forces of attraction 
which exert a pronounced effect on the amount of gas adsorbed 

The adsorption potentials of argon and nitrogen are calculated to be 
approximately 6000 and 6500 cal /g mol respectively These compare with 
the corresponding values calculated from quantum mechanics of 3200 and 
1 600 cal /g mol The possible reasons for the discrepancy are discussed 
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The emission band spectrum of chloiine (Cl^') II 

By a Elliott, Ph D , D Sc , and W H B Camkeon, M So 
Physics Department, University of Sheffield 

(Communicated by S E Milner, FB S — Received 7 October 1937) 
[Plate 8] 

Inteodcction* 

In continuation of our work (Elliott and Cameron 1937 a) on the spectrum 
of chlorme excited by a lugh-frequenoy electncal discharge, we have 
estabbshed the fact that the discrete bands which appear are due (at least 
in part) to the ionized molecule Cl^ In the pubhcation referred to, we have 
desonbed measurements of the wave numbers of tlie band heads m the 
region 3804-6435 A, as well as of the maxima of some contmua m the 
ultra-violet An extensive vibrational isotope effect was identified m the 
discrete bands, and on the basis of this a suggestion was made that two 
systems were present, with origins situated at 21000 and 21340 cm 
respectively The vibrational analysis of Ota and Uchida (1928) was shown 
to be untenable, but no alternative analysis was put forward It was sug- 
gested that the intervals of 627 and 632 cm which occurred frequently, 
might be the vibrational frequency of the chlorine molecule in either the 
upper or the lower state involved 

The bands considered m the present paper, with the exception of that at 
20166 6 cm were all mcluded in the first paper, but in some cases the 
wave numbers of the heads have been slightly amended About one-half 
• Introduction rewritten and Table III revised 12 November 1937 
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of the ninety-four bands previously tabulated (excluding isotopes) have 
now been classified and assigned to Cl^ The two systems previously 
mentioned are now identified as the subsystems of a doublet system, the 
system origins are much more accurately determined and are found to be 
situated at 20696 9 and 20797 3 cm respectively It is found that the 
mtervals 627 and 632 (more accurately 627 9 and 633 7 cm ~^) are the 
vibrational frequencies of Cl^ for the hypothetical levels with vibrational 
quantum numbers 2J and IJ 

Photography, measubemknts, etc 

The apparatus used for generating the chlorme and exciting its band 
spectrum has already been described in a previous pubhcation (Elliott and 
Cameron 19370) For photographing the spectrum, a Littrow spectrograph 
fitted with three pnsms of dense flint glass was used, and arrangements for 
keepmg constant the temperature and pressure of the surrounding air were 
employed These arrangements have been descnbed elsewhere (Elhott and 
Cameron 19376) 

In the visible region the spectrum was bnght enough to enable WeUington 
Ortho Process plates to be employed, the exposure times varying from 1 up 
to 6 hr In the near ultra-violet region, Ilford Double X-Press plates were 
used, as the exposure times would have been too long with the slower plate 
Even so, an exposure of 50 hr was necessary to record the band at 
26166 cm In some of the last photographs taken on Double X-Press 
plates, a great decrease in graimuess was obtamed by using a fine-gram 
develoyier (Morgan, 1936) 

The iron arc was used to provide a comparison spectrum, and the wave 
numbers of the chlonne band lines were obtained by hnear interpolation 
between two selected iron lines These wave numbers were corrected by 
reference to an error curve, constructed from measurements of as many 
suitable iron-arc fines as could be found between the selected reference fines 
Usually a separate error curve was drawn for each band Great care was 
taken in the construction of this error curve, since a faulty curve leads to 
systematic errors in the wave numbers of the fines measured 


DKSCRIPTIOSt OF the BANDS 

In no case is the rotation structure of a band resolved nght up to the head, 
but many bands have been found where the structure is sufficiently resolved 
to show that there are two branches of approximately equal intensity, and 
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that no others of appreciable strength are present In several bands only 
a single branch is apparent This is presumably due to the superposition of 
the two branches which occurs when the ratio of the rotation constants of 
upper and lower states has a suitable value (Jevons 1932 a) 

The vibrational isotope effect has already been identifaed (Elliott and 
Cameron 1937 a), and it has been found possible to analyse the rotational 
structure of the isotopic pairs (®®Clg)+ and (*®C1®’C1)+ in a number of cases 
Plate 8 shows three such pairs 

It was expected that the lines of the bands due to (“Cl2)+ would show 
alternating intensities with a ratio of strong to weak line intensities of 
1 4 to 1 , since this ratio has been found m the Clj absorption bands (Elhott 
1930) No alternation of intensities has been found, however The evidence 
for this, and the explanation offered, will be given in the following section 


Intensity measubfmknts 

Although none of the Cl^ bands examined shows an alternation m 
intensity of the band lines which is visible to the eye, it was considered 
necessary to examine this point more closely by making microphotometer 
records of the densities of the band hnes Bands 24308 and 23624 cm 
were selected for the purpose, as they are fairly free from overl5ang bands 
Reproductions of microphotometer traces of these bands are shown m 
Plate 8 Comparison of these traces with a calibration curve (intensity of 
hght incident on the plate against density produced) showed that no 
alternation as great as 1 1 1 was present As an alternating intensity 
ratio of I 4 I had been expected, it seemed desirable to estabhsh that the 
bands were really due to chlorine molecules, and not, for example, to 
2«Si«Cl and or to «P»»C1 and «P”C1, molecules which would give 

nse to an isotopic separation similar to that expected in chlorine Con- 
clusive evidence was given by the intensity measurements on band 
26882 cm (mam band and isotope), which gave a ratio of mtensities for 
the corresponding lines in (®®Cl2)'*^ and (“CF’C1)+ of 1 66 1 The relative 
abundance of these molecules calculated from the atomic weight of chlorme, 
35 466, IS 1 67 1 The relative abundance of *®Si“Cl and *®Si®’Cl, which is 
the same as that of ®*P*®Cl and ”P®^C1, is 3 14 1 Whilst the close agree- 
ment of the measured intensity ratio with the relative abundance of 
(®®Clj)+ and (®®C1 ®’C1)+ may be in part fortmtous, there is no doubt that the 
earners of the spectrum are chlonne molecules 

The explanation of the absence of altematmg intensities, which was 
suggested to us by Dr Rromg (Grorangen), is probably that neither of the 
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Table I Wave numbers of (“Cl2)+ band lines in om 

Subsystem I 

Band 4-^3 Band 4-^2 Band ( 

-1 

J->2 

j-i 

P branch 

R branch 

P branch 

R branch 

P branch 

R branch 

2 




21666 74 




3 




666 82 

21068 70 



4 

21030 80 



664 64 

668 12 



6 

036 41 



663 17 

667 47 



0 

033 83 



661 62 

666 74 

22086 73 


7 

032 27 



669 99 

+ 

684 96 


8 

030 30 

21036 HO 

667 92 

1 

682 84 


9 

028 40 



666 89 


680 70 

22687 46 

10 

026 10 



663 63 

posojl 

678 37 

686 73 






P and R 



11 

023 69 



661 33 

linos 

675 77 

683 83 

12 

020 96 

Sut 

•or 

648 96 

1 

673 09 

681 84 

13 

018 24 

posed 

646 93 

] 

670 03 

679 65 

14 

016 41 

P and R 

642 99 

663 63 

666 90 

677 12 

16 

012 33 

linoB 

640 05 

651 06 

663 67 

674 61 

16 

009 06 



636 60 

648 45 

660 03 

671 57 

17 

006 66 



633 01 

645 60 

666 39 

668 67 

18 

001 98 



629 34 

642 61 

662 42 

666 30 

19 

20998 22 



626 44 

639 66 

648 35 

661 86 

20 

994 23 



— 

636 10 

644 12 

668 37 

21 

990 11 



617 36 

632 66 

639 90 

664 69 

22 

986 76 



612 77 

628 88 

634 86 

660 64 

23 

981 16 



608 28 

626 02 

630 16 

646 43 

24 

976 66 



603 39 

— 

625 08 

642 00 

26 

971 73 



698 39 

616 69 

619 88 

637 68 

20 

966 62 



693 38 

612 37 

614 43 

632 77 

27 

961 42 



688 01 

607 60 

609 00 

627 83 

28 

966 08 



682 48 

802 98 

603 24 

622 68 

29 

960 37 



676 84 

697 91 


617 41 

30 

944 74 



670 86 

692 77 


61196 

31 

938 80 



664 98 

687 24 


606 49 

32 




668 72 

681 94 


600 62 

33 





676 26 



34 





670 62 



36 


20938 80 


564 36 




36 668 12 

electronic levels involved in the production of the bands is a L state, and 
that the A-type doubling is too close for resolution Each hne would then 
consist of a strong and a weak component, unresolved A somewhat similar 
state of affairs occurs in the “FI-*!! bands of carbon, except that there the 
nuclear spm is zero, and the weak hnes are consequently missmg, which 
gives rise to a “staggenng” of the consecutive Unes m a branch 
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Table 1 (continued) 

1 Bond 8 -► 1 

535 

Band 8 0 

^-4 

P branch 

It branch 

P branch 

R branch 

P branch 

R branch 

s 



24306 22 


24945 86 


8 



306 24 


944 76 

24947 14 

4 



304 01 

24307 00 

943 62 

946 63 

5 

23321 66 


302 36 

306 22 

942 04 

945 86 

6 

320 04 


300 70 

306 24 

940 36 

944 76 

7 

318 20 


298 80 

304 01 

938 33 

943 62 

8 

316 27 

23322 24 

296 74 

302 63 

936 21 

942 04 

9 

314 08 

320 81 

294 44 

300 96 

933 86 

940 36 

10 

311 65 

319 07 

291 99 

299 14 

031 30 

938 62 

11 

309 07 

317 17 

289 26 

297 06 

928 62 

936 45 

12 

306 26 

316 03 

286 30 

294 86 

925 67 

934 18 

13 

303 29 

312 75 

283 24 

292 41 

922 63 

931 77 

14 

300 10 

310 24 

279 93 

289 73 

919 22 

929 06 

15 

296 76 

307 50 

276 36 

286 87 

916 66 

026 15 

16 

293 13 

304 68 

272 66 

283 85 

911 78 

923 00 

17 

289 37 

301 67 

268 77 

280 67 

907 89 

919 68 

18 

286 39 

298 30 

264 67 

277 14 

903 66 

916 14 

19 

281 27 

294 86 

260 27 

273 47 

899 30 

912 39 

20 

276 96 

29tfl5 

266 76 

269 60 

894 66 

908 60 

21 

272 41 

287 29 

261 00 

266 61 

880 88 

904 39 

22 

267 79 

283 33 

246 01 

261 28 

884 86 

900 02 

23 

262 84 

279 01 

240 93 

266 66 

879 66 

896 41 

24 

267 69 

274 60 


262 06 

874 12 

890 73 

26 

262 29 

269 93 


247 23 

868 60 

886 69 

26 

246 90 

266 13 


242 06 

862 72 

880 64 

27 

241 13 

260 20 




876 07 

28 

236 30 

264 91 




869 60 

29 

229 17 

249 66 




863 88 

30 

222 92 

243 96 





31 

216 48 

238 10 





32 

209 78 

232 29 





33 

203 01 

226 06 





34 

196 00 

219 84 





36 

188 86 

213 27 





36 

181 36 

206 60 





37 


199 49 





38 


192 47 






Calculation of the wave numbers of the 

1 BAND HEADS 

Although the formulae in common use 

> for vibrational isotope separations 

refer to the band origins rather than to the band heads, we have oaloulated 

the wave numbers of the heads, because these can m 

many cases be more 

accurately determmed than the origins 

This IS especially the case with the 
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j-i 

2 

3 


H 

g 

10 

11 

12 

13 

u 

16 

16 

17 

18 

19 

20 

21 

22 

23 

24 
26 
26 

27 

28 

29 

30 


Table I (continued) 
Subsystem I Subsystem II 

Band 10 0 Band 6 3 


P branch 
26880 63 
879 63 
878 26 
870 70 
874 97 
872 98 
870 84 
868 47 
866 84 

863 04 
860 06 
830 82 
863 36 
849 67 
846 84 
841 72 
837 41 
832 94 
828 19 

823 26 
818 12 
812 74 


R branch 


26882 06 
881 38 
880 53 

I 


Super 
posed 
P and R 





812 74 


P branch 
21346 14 
346 28 
344 06 
342 74 
341 18 
339 48 
337 77 
336 66 
333 47 

330 84 
328 32 
326 68 
322 83 
319 66 
316 42 
312 84 

306 44 
301 46 

297 26 
292 88 
288 26 
283 63 
278 64 
273 63 
268 21 
262 82 
266 96 
251 27 


R branch 


21347 06 
346 14 

t 

Super 
po^ 
I>and R 


328 32 
326 33 
322 41 
319 29 
310 02 

312 30 

304 97 
300 78 
296 70 
202 26 
287 64 
282 82 
277 83 
272 68 


Subsystem n 
Band 6 -► 2 
P branch R branch 
21974 04 

973 09 21976 38 

971 84 976 49 

970 64 974 93 

969 03 974 04 

967 26 t 

966 37 Super- 

963 44 posed 

961 24 P and i? 

968 80 I 

960 12 966 37 

963 34 963 16 

960 39 960 77 

947 14 968 30 

943'86 966 63 

940 22 962 73 

936 63 949 72 

932 60 946 64 

928 67 943 18 

924 19 939 64 

919 78 936 83 

916 16 931 87 

910 33 927 64 

906 38 923 38 

900 19 918 91 

914 16 
909 24 
904 11 
899 03 


31 

32 

33 

34 
36 
36 


246 02 267 27 

238 94 261 84 

266 16 
250 23 
244 07 
237 82 


bands of where the observations sometimes did not permit the 

calculation of B values, which is necessary if origin wave numbers are to be 
determined from the wave numbers of the band Imes On the other hand, 
it IS a fairly simple matter to determme the wave number of the head 
When the D values are small (as has been found to be the case here), the 
mean wave numbers of adjacent P and R hnes, if plotted against successive 



J-i 

3 

4 
6 
6 

7 

8 
9 

10 

11 

12 

13 

14 
16 
16 

17 

18 

19 

20 

21 

22 

23 

24 
26 
26 

27 

28 

29 

30 

31 

32 

33 

34 

36 

37 


Band 7 
P branch 


22984 28 
982 77 
981 04 
979 06 
976 92 
974 66 

972 11 
969 45 
966 44 
963 34 
960 06 
966 52 
962 92 
949 06 
944 96 
940 83 

036 24 
931 68 
926 86 
921 87 
916 63 


Emxsmon band spectrum 

Table I (continued) 

SCBSYSTKM II 

-> 2 Band 7 -+ I 


R branch 


22987 65 
986 46 
986 21 
983 63 
982 19 

980 21 
978 14 
976 90 
973 61 
970 98 
968 17 
966 17 
961 96 
968 61 
965 01 

961 17 
947 33 
943 07 
938 77 
934 27 
929 51 
924 54 
919 68 
914 10 


P branch 


23616 33 
614 66 

612 69 
610 41 
608 17 

605 41 
602 66 
699 84 
696 68 
693 31 
689 72 
586 97 
682 02 
677 96 
673 51 

569 09 
664 44 
569 64 
664 40 
649 n 
543 04 
637 96 
632 20 
626 06 
519 79 

613 36 

606 66 
499 86 


23617 22 
616 48 

613 69 
611 67 

609 27 
606 81 
604 13 
601 29 
698 27 
594 97 
591 63 
587 86 

584 09 
680 06 
675 74 
671 26 
666 78 
661 86 
666 87 
661 73 
646 38 
640 75 

634 96 
628 93 
622 96 

610 44 
609 88 
603 27 
496 92 


637 


Band 9 -*• 1 
P branch R branch 
24693 66 
692 34 
590 89 

689 24 24693 92 

687 37 692 67 

686 32 591 37 

683 11 689 73 

580 67 588 04 

578 04 686 03 

676 19 683 82 

672 15 681 50 

568 87 578 89 

565 43 676 09 

661 79 673 11 

667 96 569 92 

553 88 666 60 

649 66 562 91 

646 12 669 13 

540 48 665 1 4 

635 04 560 92 

530 64 546 68 

525 34 641 99 

619 82 637 13 

514 14 532 12 

608 34 620 91 

602 33 521 49 

496 07 616 72 

489 58 510 02 

604 00 
497 81 
491 36 


integers, are parabobc to a high degree of accuracy, and the vertex of the 
parabola ib at the head of the band From such mean wave numbers of P 
and B Imes, the vertex or head may be obtained by extrapolation This 
procedure was suggested to us by Mr H Bell (Manchester) The advantage 
of the method is that where P and R Imes are not resolved (which is the case 
near the heads of many of the bands measured) no error is introduced because 
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j-i 

2 

3 

6 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 
18 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 


31 

32 

33 

34 


Table I (cmUnued) 

SUBSYSTKM II 

Band 9 -> 0 Band 1 1 -► 0 


r branch if branch 


26230 29 
228 84 
220 60 
224 06 
222 41 
219 94 

217 27 
214 29 
211 27 
208 04 
204 61 
200 82 
190 94 
192 81 
188 49 


26230 71 
229 08 
227 23 

225 29 
223 04 
220 73 
218 00 
215 22 
212 09 
208 93 
206 43 
201 81 
197 97 

194 12 
189 66 


P branch 


26160 90 
164 80 
152 41 
150 00 

147 18 
144 10 
141 02 
137 63 
134 02 
130 14 
126 14 
121 90 
117 37 
112 73 

107 84 
102 68 
097 30 
091 82 
086 07 
080 07 
073 86 
067 46 
060 89 
054 06 


R branch 


26156 90 


Super 
posed 
P and R 


046 96 I 

046 96 


UNOLASaiFtBD 


21476 85 cm -I 
P branch if-branoh 
21473 62 
472 62 
471 68 
470 19 

468 82 21473 62 

467 16 

466 28 

463 25 

460 96 

458 69 
466 16 

453 51 Super 

450 66 posed 

447 66 P and « 
444 21 lino8 

440 87 
437 30 
433 69 
429 61 

426 39 
421 16 
416 61 
411 96 
407 11 
402 11 
396 90 
391 60 
386 96 
380 13 

374 17 
368 07 
361 72 
366 31 


37 I 

38 366 31 


of the lack of resolution The vibrational isotope separations given in Table 
III have been calculated from the wave numbers of heads obtained m this 


way 

Calculation shows that, adopting the B values here given, the mterval 
between band head and ongm hes between 0 66 and 0 43 cm for the bands 
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Tabuc I (cont%nued) 

Unolasswibo bands 


»'h«i = 23926 10 cm -> 
J~i P branch R branch 


= 25243 14 cm = 26426 84 cm -> 

P branch R branch P branch R branch 


2 

3 

4 
6 
6 

7 

8 
9 

10 


11 

12 

13 

14 
16 
16 

17 

18 

19 

20 


23920 48 
919 12 
917 47 

916 68 23920 93 

013 67 919 66 

91131 918 02 

908 61 916 24 

906 32 914 31 

903 46 912 09 

900 42 909 56 

897 10 907 10 

893 66 904 30 

889 96 901 38 

886 16 898 06 

882 09 804 66 

877 80 891 00 

873 28 887 27 


26239 98 
238 62 
237 20 

236 66 26239 98 

233 62 r 

231 41 1 

229 06 Super 

226 60 posed 

P and R 

223 80 Imcy 

220 71 
217 64 
214 30 
210 63 
206 82 
202 82 
198 62 
194 12 


26423 60 
422 64 
421 33 

419 86 26423 90 

418 23 422 93 

416 33 421 67 

414 33 420 30 

412 04 418 67 

409 64 416 86 

406 83 414 83 

403 97 412 64 

400 76 410 13 

397 67 407 67 

394 06 404 62 

390 40 401 67 

386 43 398 41 

382 40 394 98 

378 00 391 23 

373 45 387 48 


21 868 66 883 18 

22 863 76 878 91 

28 868 67 874 44 

24 863 29 869 87 

26 864 89 

26 869 81 

27 864 68 


1 368 79 383 36 

194 12 363 89 379 02 

374 61 
369 99 
364 96 


measured The error in the vibrational isotope separations due to using 
head instead of ongin wave numbers is therefore quite inappreciable 


Analysis op the bands 

All the observed features of the bands are accounted for if they are 
assumed to belong to a “fl-*!! system, with both states m case (o) of Hund’s 
chissiflcation The evidence for this is as follows 
The vibrational analysis shows that two systems or subsystems exist, 
these have shghtly different vibrational constants m the upper eleotromc 
state and apparently identical vibrational constants in the lower state The 
rotational constants are, however, not identical for the lower eleotromc 
level, hence the systems have not a common electronic level Further, the 



640 


A Elliott and W H. B Cameron 


rotational analysis (see later) shows that the rotational quantum number J 
IS half-mtegrad, which is the case for a doublet state (even multiphcity) The 
absence of alternatmg intensities excludes £ states, and there remam as 
possibilities (if we exclude quartet states) the transitions *n-*n or *A-®A, 
either of which, for Hund’s case (a), gives two sub-bands with P and R 
branches of nearly equal intensity (at least for high J-values) and a very 
weak Q branch whose intensity falls very quickly with mcreasing J, and 
which could not be observed unless all the band hnes were well resolved 
The states of Clj being of odd multiplicity, it follows that the observed 
emission bands must be due to C'lj , the possibihty of which has been 
mentioned by Mulhken (1934) The lowest state of Cl^ is (ibid ) a *11 state, 
and it seems therefore not unlikely that the bands are ®n-*n (see, however, 
the section on the energy of dissociation of Clg) No certain evidence as 
to the number of missing hnes is available to support this assignment In 
this connexion, reference should be made to the concluding remarks 

The vibrational scheme proposed for (’‘Clj)'*' is shown m Table II, the 
subsystems are designated I and 11 provisionally A striking feature is the 
frequent absence of alternate bands in the v' progressions Whilst all bands 
have been recorded which fit into these two subsystems, a transition not 
recorded in Table II is not necessanly absent, for the heads of some bands 
would fall in regions where they could not with certainty be recognized 
owing to the overlapping of other bands It may be noted that whereas in 
subsystem I the bands which have odd v’ values are frequently not observed, 
in subsystem II it is the bands from the even levels which are occasionally 
missing 

The intensity distribution appears to be of the type with the open 
Franck-Condon parabola, which is charactenstic of bands for which the 
mtemuclear distances of the molecule differ considerably m the two 
electronic states, the upper electromc state havmg the greater mtemuclear 
distance Bands corresponding to the low frequency branch of the parabola 
would fall in the region below 18000 cm (6684 A), where the presence of 
strong atomic hnes makes the observation of bands difficult No bands have 
been definitely recorded here, though they may exist 

The rather meagre array of bands in Table II would not establish the 
correctness of the vibrational scheme, were the latter not very satis- 
factorily confirmed by the rotational analysis To save space, no rotational 
combination differences are given, but attention is directed to the table of 
rotation constants for (“Clg)'*' (Table IV), where good agreement is found 
for the common level of bands in the same progression 

The wave numbers of the heads of the bands of (*®Clg)+ have been fitted 
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to a formula of the usual type, in which, however, a term m u'® is re- 
quired 

Subsystem I = 20797 3 + [672 3(i;' + i) - 6 32{v' -I- i)® - 0 013(i;' -f- i)®] 

-[646 3(«'-t-i)-2 91(u' + i)®] 

Subsystem II = 20690 9 -|- [564 S(v' -I- i) - 4 I3 (d' 4- J)® - 0 038(t;' i)®] 

-[646 2(i;' + i)-2 89(y'-f-i)®] 

In Table II the wave numbers of the heads calculated from these formulae 
may be compared with the observed values for (®®Clg)^ The vibrational 
quantum numbers have been chosen so as t<i give the best fat between the 
observed vibrational isotope separations and those calculated from equa 
tion 125 (a) on p 212 of Jevons’ “Eeport on Band Spectra of Diatomic 
Molecules” No other numbermg which we have tned gives such good 
agreement between observed and calculated isotope separations and the 
numbermg adopted is therefore taken as absolute. Table III shows the 
observed and calculated isotopic separations, for those bands in which the 
heads have been calculated by extrapolation of rotation fane wave numbers 
The agreement is m general good, though a better fit might have been 
expected m bands 4-»-3 and 10->-0 of subsystem I, and m band 11 ->0 of 
subsystem II 

Since the bands are not resolved up to the origin, it w£is not possible to 
identify P and R branches and assign rotational quantum numbers by 
inspection Ckimbination differences were therefore sought which should be 
identical for the common level of bands in the same progression A unique 
set of combination differences was found, fitting the vibrational scheme of 
Table II The P and R branches could then be identified by noting that, of 
the two lines concerned m a combination difference, the R hne has the 
higher frequency Since the upper state differences are given by 

R(J) -P{J) = AjP' = (4 J + 2) [S' -I- 2D'( J* + J + 1 )] = 4B V + i) approx , 

it was possible to assign J values to the fanes from the observed set of com- 
bination differences, as well as to calculate the rotation constant B' It 
was found that D' was too small to bo determined The rotation constant B" 
was calculated from the lower state differences using the oorrespondyig 
equation Here agam D" was found to be negligible 

In both states, the combination differences, when plotted against a senes 
of mtegers M, became zero (on extrapolation) at an integral value of M 
This shows that J is half-integral for both states 
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Table II a Vibeational scheme fob {*®C1j)+ Band heads in cm 


SUBSYSCEH 1 


\ V" 

0 

“1 

2 

3 

4 

5 

6 

7 

0 


20118 4 
20120 7 


18868 6 
18859 2 

* 

* 

• 

* 

1 





t 

* 

• 

* 

2 

21872 2 
21872 7 



19972 0 
19971 7 

19349 4 
19349 7 

t 

* 

* 

3 

t 

t 

t 



t 


• 

4 


22301 0 
22302-4 

21669 0 
21668 7 

21041 0 
21040 9 

20416 0 
20418 9 

t 

19192 6 

19192 3 

18589 2 
18587 7 

5 

t 

22819 7 

22820 5 

t 

21669 1 
21559 0 


20323 8 
20320 8 

t 


6 

23964 4 
23967 1 

23327 4 
23327 7 

22693 9 

22694 0 


t 

20828 6 

20827 9 

t 


7 

t 

t 


t 


t 

20711 3 
20713 5 

t 

* 

24947 9 
24947 9 

24308 3 
24308 4 



t 

t 

t 

20695 0 ' 
20593 7 

9 I 

t 

t 

24147 3 

24148 2 

t 

t 


t 

1 

10 

26882 7 
25883 5 

t 






t 1 


Notes to Tables II a and II b 

Wave numbers of band lieads have been calculated from rotation data where 
available 

Wave numbers calculated from the band head formulae are given m heavy type 
t Indicates that a band may be present (and overlaid by other bands) though 
there is no positive evidence for this 

• Indicates that the band falls outside the range of observation 
Where blank spaces occur, the bands are almost certainly absent from the photo- 
graphs 



643 


Emission hand spectrum 
Tablb II b Vibrational sohkme fob (“C1j)+ 

SUBSYSTSM II 



The rotation constants for (*®C1,) ^ are given in Table IV For the weaker 
isotopic bands of (®*C1 the measurements were only accurate enough 

to provide an approximate confirmation of the rotational isotope effect, 
and consequently are not reproduced here 


Eneboy of dissociation of cy" 

Usmg the method of Birge and Sponer, the energies of dissociation of 
CV have been determined by extrapolation of the w-e curve, for both states 


VoL CLXIV— A. 
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of each subsystem These values, expressed m electron-volts, are given in 
Table V It must be remarked that aU the extrapolations are very long, 
those for D' are particularly uncertain because (o' is not linear in v' 

Taking the ionization potentials of Cl and Clj as 12 96 (Ruark and Urey 
1930) and 13 2 V (Mackay 1924) respectively, and the energy of dissociation 
of the normal chlonne molecule Cl^ as 2 468 e-volts (Jevons 1932 b), the 
energy of dissociation of normal Cl^ mto ®Pjj + is 2 23 e- volts This is 
much lower than the figure (4 4 e-volts) which we find for the lower state 
of the bands investigated 

It IS difficult to beheve that the discrepancy could be entirely explained 
by assigmng to the bands in question a lower state different from the 
normal one, with different dissociation jirodiicts, and it is accordingly 
suggested that some of the numerical values given above may be in error 

Table III. Vibrationai. isotovl separations 

SOBSYSTEM I SdBSVSTBM II 

Isotopic separation Isotopic separation 

Band Calc Obs Band Calo Obs 

4-> 2 - 10 62 cm -117*cin'> 3 -► 4 - 12 47 cm 15 7* cm 

4-1-3 - 2 31 - 0 47 6-*l -25 86 -23 6* 

6->l -25 42 -26 7* 5^2-17 18 -16 63 

6->l -3142 -319* 6-1.3 - 8 87 - 8 43 

6 -> 2 -22 94 -22 33 6 6 15 13 17 9* 

8-^0 -61 14 -61 26 7 -> 1 -37 74 -37 39 

8->] -42 62 -42 69 7 -► 2 -29 27 -29 06 

10 ->0 -60 98 -62 43 9 ->■ 0 -67 30 -66 9* 

9-*l -48 68 -47 93 

11 -♦O -66 97 -65 04 

The separations marked * are taken from the head measurements of an earlier 
paper (Elliott and Cameron 1937 a), and are on the whole leas accurate than the 
reinamder, which are denved from rotation data 

Table IV Rotation constants of {®®C1j)+ (in cm -i) 

SuBSYOT BM I Subsystem II Unclasshted bands 

Band B' B" Band B' B’ ^ 

*4 ->-2 0 1763 0 2668 6 2 0 1736 0 2660 *21475 9 0 1768 0 2640 

4 S 0 1770 0 2666 6 -> 3 0 1733 0 2636 23925 1 0 1668 0 2669 

6 1 0 1893 0 2668 7 -+ 1 0 1696 0 2866 *26243 1 0 1593 0 2663 

6->2 0 1696 0 2666 7 -> 2 0 1698 0 2660 25426 8 0 1660 0 2686 

8-1-0 0 1646 0 2688 9 ->• 0 0 1668 0 2688 

8->l 0 1640 0 2669 9 -> 1 0 1660 0 2868 

•10 -fO 0 1616 0 2693 *11 ->0 0 1698 0 2663 

• These bands have superposed P and R branches, and their rotation constants 
are lees accurate than thaw of the other bands m this table 
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Table V Constants fob blectbonio bnbboy levels of (®®C1*)+ 


0 ), x,bi, y,w, D* 
Subsystem I cm cm cm V 


Upper level '672 3 6 32 - 0 013 1 87 0 186 0 0028 2 26 
Lower level 646 3 2 01 V email 4 37 0 2688 t 1 886 


Subsystem II 

Upper level 684 8 4 13 -0 038 1 62 0*183 0 0017 2 29 

Lower level 646 2 2 89 V email 4 41 0 2688 f 1 886 ^ 

* Values of the dissociation energy are derived from long extrapolations 
t not linear m v 


Explanation of symbols 

y,<o, coefficients of powers of (e+ 1) m the expression for the vibrational 
energy term 

(?, = w.(v + 1 ) - X,<0.{V + J)> + y. w.(w + J)» 

D energy of dissociation 

= n" . f » where /« is the moment of inertia of the molecule with vibrational 
quantum number zero 

a coefficient of o m the expression — »v 

r, mtemuolear distance m the equilibrium position (potential energy of the 
molecule a minimum) 

V, system ongm 


Concluding bbhabks 

Besides the bands assigned to subsystems I and II, there are other bands 
m the spectrum which have not yet been classified, four of these bands have 
proved smtable for rotational analysis Choosmg the numbering of the 
hnes of these four bands so as to give rotation constants of the same magm- 
tude as those found for the classified bands, the B values given in Table IV 
have been calculated These B values show that the bands cannot be assigned 
to either of the two subsystems, and it seems possible that they belong to 
another doublet system, whose ongm (as shown by the magnitude of the 
isotopic head separations) hes close to that of the two subsystems Frag- 
ments of such a doublet system have been observed, but no analysis has yet 
been possible It seems hkely that the molecular constants are of similar 
magmtude to those hsted in Table V, and there is a possibihty that we have 
here not two doublet systems, but a quartet system Some slight evidence 
exists that band 7 -»■ 1 m subsystem II may be a band, for the hne 

P(3^) appears to be missing or of low mtensity in this band (see PI 8) 
However, evidence based on intensities in a crowded system such as this 
may be misleading The other bands are unfavourably situated for observing 
intensities near „the ongm, though in band 8->l (subsystem I) the Ime 

36 2 
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P(2J) + ii(6j) appears to be weak Without higher resolution than we have 
at our disposal, greater certainty in this matter cannot be obted^ied 

SUJSMAST 

The emission bands of chlonne have been photographed under high dis- 
persion, and the wave numbers of many of the band lines have been 
measured Vibrational and rotational analyses have been made for several 
bands, and it is shown that these bands belong to a doublet system, possibly 
*n-*n, and that the carriers of the spectrum are lomzed chlonne mole- 
cules No alternation of intensity is observed, showing that the A-type 
doubhng is unresolved 

Values for the chief molecular constants of are given 

Many of the bands observed do not fit into the doublet system, and it 
seems hkely that a second system, of siimlar structure to the one analysed, 
has its ongin situated near the first one 

The energy of dissociation of the lower state of the doublet bands, as 
determmed by the method of Birge and Sponer,i8 considerably greater than 
that calculated for the normal state of Cl^ from molecular and atomic 
ionization potentials and from the heat of dissociation of the normal state 
of neutral Clj 
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Dbsckiption of plate 

(a) High dispersion photograph of a portion of the emission band spectrum of 
chlorine (excited by a high frequency eloctnoal discharge) showing the bands 
of ("Cl,)+ and ("CI'”C1)+ in subsystem II, for the vibrational transition 7 -»• 1 

(b) The same, for the vibrational transition 8 -* 1 m subsystem I 
(0) The same, for the vibrational transition 10 -t- 0 in subsystem I 
(a') Miorophotometer record of (a) 

(b') Miorophotometer record of (b) 










On the solution of the laminar boundary 
layer equations 

By L Howabth, M A , Ph D 
Kxng'a College, Cambridge 

(Communicated by L Bairatow, F B8 — Received 20 October 1937) 

iNTEODXTOrrOM 

For some years after its suggestion an approximate method of solution of 
the boundary layer equations due to K&rm&n and Pohlhausen was thought 
to be reasonably accurate The present writer (1934) recommended it for 
general use because it agreed with experiment as far as the pomt of separa- 
tion for the flow past a circular oyhnder (when the observed pressure dis- 
tribution was used m the theoretical solution) There seems to be httle 
doubt that this method gives a reasonably accurate solution m a region of 
accelerated flow, but more recently its adequacy m a region of retarded flow 
has been questioned The flow past a circular cyhnder is not an exhaustive 
test for a retarded region because the pressure rises very rapidly from its 
mimmum value leavmg httle doubt as to the position of separation 

Schubauer (1935) hew measured the pressure distribution around an 
elhptic cylindef of fineness ratio 2 96 1 and also observed, by introducmg 
smoke just beyond the sepeu'ation pomt, the actual jiosition of separation 
On applying Pohlhausen’s method to his observed pressure distribution 
Schubauer fails to find any separation at all By measurements of the 
velocity distribution m the boundary layer he finds that Pohlhausen’s 
method agrees reasonably with the observed one up to a pomt about five- 
sevenths of the way between the pressure minimum and the observed point 
of separation, the calculated distribution then diverges from the observed 
one 

Fairly recently K&rm&n and Milhkan ( 1934) put forward another approxi- 
mate means of solution of the boundary layer equations Milhkan (1936) 
has applied their method to Schubauer’s pressure distribution, he finds 
separation about six-sevenths of the distance from the pressure minimum 
to the observed pomt of separation More precisely, if x is the ratio of the 
distance measured along the surface from the forward stagnation pomt to 
the length of the minor axis, the pressure minimum occurs when a: = 1 30, 
t 547 1 
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the observed point of separation is a: = 1 99 and Millikan finds a: = 1 88 
for the position of separation 

A new approximate method of solution of the boundary layer equations 
18 suggested below This method, when applied to Sohubauer’s observed 
pressure distribution, gives separation when x = \ 925 compared with the 
observed value 1 99 Reasons are given below (see pp 675 and 676) for 
beheving that the Reynolds number of Schubauer’s expenments is scarcely 
high enough for the boundary layer equations to be vahd There is, in fact, 
an appreciable pressure drop across the boundary layer It is difficult to 
estimate how important this pressure drop is, but the agreement between 
the theoretically obtamed position of separation and the observed one is 
probably as good as could be expected m the circumstances, the agreement 
18 somewhat better than that obtained by K&rmAn and Mdlikan’s method 
This new method of solution is also compared with the exact solution 
given by Falkner and Skan (1930) when the velocity distnbution at the edge 
of the boundary layer is of the form x~’^, fairly good agreement is obtained 
The method suggested below developed from a comparison between 
the results obtamed by K&rm&n and Milhkan’s method, K&rm&n and 
Pohlhausen’s method and an accurate solution of a particular problem 
Kdrm4n and Millikan applied their method, when it was first mtroduced, 
to the problem of the flow along a flat plate placed edgewise to an incident 
stream when a retarding pressure gradient varying bnearly with the 
distance from the leadmg edge is superposed We may write the velocity 
distnbution at the edge of the boundary layer as 

U ^b^-b^x, 

so that the pressure gradient is pb^ib^ -b^x), K6,rm6.n and Milhkan find that 
separation occurs when a:*( = b^xlbo) is equal to 0 1 02, whereas PohUiausen’s 
method does not give separation until a;* = 0 166 In order to determine 
which, if either, of the methods is reasonably accurate it was decided to 
attempt to solve the boundary layer equations accurately for this velocity 
distnbution This problem is discussed at length below m Part I , it admits 
of a solution in senes of the t)rpe 

« = y {/o(^) - + (8**)Vi(7) - }. 

where ij and some of the coefficients /j, f^, are defined below m equations 
(2)» (6)-(13) Separation occurs when 

/o70) - 8**/I(0) + (8»*)V;(0) - =0 
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The coefficientB m this senes have been determined up to and including 
/8(0) They are sufficient to show that unless subsequent coefficients increase 
enormously — and there seems to bo no reason to behove they do for, apart 
from /o, /j and /j which are exceptional, they decrease steadily over the 
range covered — the value »* = 0 102 for separation is much too small 
Furthermore, a;* = 0 166 is very much too large 
Unfortunately the senes converges very slowly in the neighbourhood of 
8a;* = 1 and sufficient terms have not been obtained to give the pomt of 
separation However, if we assume that the higher terms in the senes 
continue to alternate m sign and decrease (or remain constant m absolute 
magmtude as the earhor ones /j, /g do) it is easy to show that the pomt 
of separation lies between a:* = 0 119 and 0 129 An approximate method of 
determming the error obtained by retaimng only the terms calculated gives 
35* = 0 120 as the point of separation 
In Part II below a method of solution of the boundary layer equations is 
suggested utilizing the solution of the problem of Part I by replacing the 
velocity distnbution at the edge of the boundary layer by a polygon of 
infimtesunaUy small sides and jomiiig on the solution m adjacent sides by 
making the momentum integral 



oontmuous at the vertex Up to the pressure minimum Pohlhausen’s 
solution may be used Alternatively, if the number of terms computed in 
the solution m senes starting from the forward stagnation point (Howarth 
1934) 18 sufficient to carry the solution as far as the pressure mimmum this 
method is to be preferred in the accelerated region If this solution does not 
extend qmte far enough it may be extended by the solution correspondmg 
to the one given below for the retarded region, this extension is limited, 
because the senes does not converge rapidlj enough beyond a:* = 0 10 
A solution m senes can also be obtained when the velocity distnbution 
at the edge of the boundary layer is of the form 


U = 6o-6ia:-6,5C», 


so that, if necessary, the method outhned above could be made more 
accurate by replacing the actual velocity distnbution at the edge of the 
boundary layer by a senes of parabolas 
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PARTI 

The solution of the boundaby layeb equations 

FOB A PABTICULAB PBBSSUBB DISTBIBUTION 

We consider, first of all, the solution m senes for a velocity distnbution 
at the edge of the boundary layer of the form 

U=^b^-bix, 

where 6® and are positive constants 
We assume an expansion of the form 

( 1 ) 

for the stream function rjr, where 

V = and x* = b-^xlb^ (2) 

Substituting this form in the boundary layer equation 


du \ dp F0*w 

^ dx^^ dy p dx^ dy* ’ 


( 3 ) 


where ^ = -61(69 -ftjx), ( 4 ) 

and equatmg coeflSoients of the vanous powers of x*, we find that 
/o +/o/; = 0, ( 6 ) 

/r+/o/^-2/o/i + 3 /SA = -I, (6) 

/I +/o/S-4/o/; + 6/S/. = -I/H + (2/i*-3/JI), (7) 

/a +/o/; - o/i/s + Vofs = mn - - s/;/*). (») 

/r+/o/:-8/i/i + 9 /S /4 = (4/i*-6/,/5;) + (8/I/3-3A/8-7/I/3), (9) 

f^+fofl- 10 /i/;+ ll/oVa = { 10 /i/;- 3 /,/J- 9 /I/,) 


+ ( 10 /i/^- 6 /j;- 7 /;/ 3 ), ( 10 ) 

/r+Zo/;- i‘w+ wih = (i 2 /j/i- 3 A/j- 11/1/3) 

+ (12/i/i- 6 A/;- 9/;/J + { 6 /i»- 7 / 3 /;), (11) 

/* ^4/0/7+ ^5/0/7 = (* 4 /i/i — 3 /i/J- 13 /J/,) 

+ (14/iA - 5/,/; - 1 1/;A) + (14A/; - 7 / 3/1 - 9/;A). (12) 
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ft+fofl- mn+ i 7/;/8 = (i 6 /;/;- 3 /j;- wj,) 

+ ( 16/;/; - 6/j; - 13/;/,) + (16/;/; - i / j ; - 1 i/;a) 

+ ( 8 /i*- 9 /j;), ( 13 ) 

(where dashes denote differentiations with regard to if) together with the 
boundary conditions 

fr =fr = ^ when 17 = 0 for all values of r, /; = 2 , | 

/I = i- /; =/;=/;= =<> when 17 = 00 J 

Blasius (1908), Toepfer (1912) and Goldstein (1930, p 15) have given the 
solution of ( 5 ) Indeed the problem considered is a particular case of a more 
general problem discussed by Goldstein (1930, p 15), though no more of the 
coefficients /, are given m that paper The method of solution for the re- 
maining equations, which are all linear, is exactly the same as that described 
by the present wnter in a previous paper (1934) The following results have 
been obtained 

/;( 0 ) = I 328242 , /;( 0 ) = 1 02064 , /^(O) = -0 06926 , 

/;(0) = 0 0660, /;(0) = - o 0372, /;(0) = 0 0272, 

/;(0) = - 0 0212, /;(o) = 0 0174, /;(0) = - 0 0147 

The velocity distnbution is given by 

«=^®{/;(?)-(8a:*)/;(?)-K8ar*)Vi(^/)- } ( 15 ) 

The functions /„ /; / J /, /; /; are tabulated in Table I 
The condition for separation {dujdy)^ = 0 leads to 

/;(0)-(8a:*)ri(0)-K8**)«/;(0)- =0 ( 16 ) 

From the terms calculated it will be seen that the senes converges qmte 
slowly m the neighbourhood of 8a:* = 1 , probably at least eight more terms 
would be required m order to determine the value of the senes m ( 16 ) to 
three places of decimals We can, however, set fairly close hmits to the values 
of X* for separation (henceforward we shall refer to this number as xj) if 
we assume that for r > 9 the values of /J!( 0 ) do not mcrease in absolute 
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Tablb I 


7 

/o 

K 

fl 

A 

A 

A 

00 

0 00000 

0 00000 

1 32824 

0 00000 

0 00000 

1 02064 

0 1 

0 00664 

0 13282 

1 32796 

0 00494 

0 09706 

0 92064 

02 

0 02666 

0 26653 

1 32689 

0 01908 

0 18411 

0 82064 

0 3 

0 06974 

0 39788 

1 32033 

0 04142 

0 26116 

0 72067 

04 

0 10611 

0 62042 

1 30967 

0 07098 

0 32823 

0 62073 

06 

0 18667 

0 66067 

1 29204 

0 10674 

0 38532 

0 52126 

0 6 

0 23796 

0 78768 

1 26637 

0 14771 

0 43260 

0 42268 

0 7 

0 32298 

0 91263 

1 23147 

0 19291 

0 46989 

0 32645 

08 

0 42032 

1 03362 

1 18666 

0 24137 

0 49768 

0 23094 

09 

0 62962 

1 14063 

1 13173 

0 29214 

0 61621 

0 14046 

1 0 

0 66003 

1 26964 

1 06701 

0 34432 

0 62696 

0 06666 

1 1 

0 78120 

1 36263 

0 99341 

0 39706 

0 62769 

-0 02161 

1 2 

0 92230 

1 46798 

0 91237 

0 44959 

0 62196 

-0 08948 

1 3 

1 07262 

1 64492 

0 82682 

0 60124 

0 61006 

-0 14633 

1 4 

1 23099 

1 62303 

0 73603 

0 55143 

0 49309 

-0 19093 

1 6 

1 39682 

1 69210 

0 64544 

0 69973 

0 47231 

-0 22262 

1 6 

1 66911 

1 76218 

0 66651 

0 64581 

0 44900 

-0 24146 

1 7 

1 74696 

1 80364 

0 47161 

0 68949 

0 42442 

-0 24817 

1 8 

1 92964 

1 84606 

0 39234 

0 73069 

0 39972 

-0 24418 

1 9 

2 11606 

1 88224 

0 32060 

0 76946 

0 37688 

-0 23138 

20 

2 30576 

1 91104 

0 26694 

0 80692 

0 36367 

-0 21198 

2 1 

2 49806 

1 93392 

0 20208 

0 84027 

0 33363 

-0 18827 

22 

2 69238 

1 96174 

0 16689 

0 87273 

0 31608 

-0 16240 

2 3 

2 88826 

1 96637 

0 11793 

0 90367 

0 30116 

-0 13626 

2 4 

3 08634 

1 97568 

0 08748 

0 93306 

0 28879 

-0 11130 

2 6 

3 28329 

1 98309 

0 06363 

0 96141 

0 27882 

-0 08861 

26 

3 48189 

1 98849 

0 04537 

0 98889 

0 27098 

-0 06879 

2 7 

J 68094 

1 99231 

0 03171 

1 01666 

0 26496 

-0 06212 

2 8 

3 88031 

1 99496 

0 02173 

1 04192 

0 26046 

- 0 03856 

2 9 

4 07990 

1 99676 

0 01459 

1 08779 

0 26716 

-0 02786 

JO 

4 27964 

1 99796 

0 00961 

1 09338 

0 26480 

-0 01965 

3 1 

4 47948 

1 99873 

0 00020 

1 11878 

0 26316 

-0 01366 

3 2 

4 67938 

1 90022 

0 00392 

1 14403 

0 26203 

-0 00914 

3 3 

4 87931 

1 99964 

0 00243 

1 16919 

0 26128 

-0 00603 

3 4 

5 07928 

1 99973 

0 00148 

1 19430 

0 26079 

-0 00389 

3 6 

6 27926 

1 99984 

0 00088 

1 21936 

0 25048 

-0 00246 

36 

6 47926 

1 99991 

0 00061 

1 24440 

0 26029 

-0 00161 

3 7 

6 67924 

1 99995 

0 00029 

1 26942 

0 26017 

-0 00091 

3 8 

6 87924 

1 99997 

0 00017 

1 29443 

0 26010 

-0 00064 

3 9 

6 07923 

1 99999 

0 00009 

1 31944 

0 26006 

-0 00031 

4 0 

6 27923 

1 99999 

0 00005 

1 34444 

0 26003 

-0 00018 

4 1 

6 47923 

2 00000 

0 00003 

1 36944 

0 26002 

-0 00010 

42 

0 67923 

2 00000 

0 00001 

1 39444 

0 26001 

-0 00005 

4 3 

6 87923 

200000 

0 00001 

1 41944 

0 2 6000 

-0 00003 

44 

7 07923 

2 00000 

0 00000 

1 44446 

0 26000 

-0 00002 
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TABiiB I (continued) 



V 

ft 

St 

ft 

ft 

ft 

n 

00 

0 0000 

0 0000 

-0 0693 

0 0000 

0 0000 

0 0660 

0 1 

-0 0004 

-0 0076 

-0 0816 

0 0003 

0 0066 

0 0660 

02 

-0 0016 

-0 0163 

-0 0932 

0 0011 

00112 

0 0660 

03 

-0 0037 

-0 0261 

-0 1031 

0 0026 

0 0168 

0 0669 

04 

-0 0068 

-0 0368 

-0 1108 

0 0046 

0 0224 

0 0666 

06 

-00111 

-0 0482 

-0 1166 

0 0070 

0 0279 

0 0661 

06 

-0 0166 

-0 0699 

-0 1170 

0 0101 

0 0334 

0 0641 

07 

-0 0230 

-0 0716 

-0 1144 

0 0137 

0 0387 

0 0624 

08 

-0 0307 

-0 0826 

-0 1077 

0 0178 

0 0438 

0 0499 

09 

-0 0396 

-0 0928 

-0 0966 

0 0224 

0 0486 

0 0463 

1 0 

-0 0493 

-0 1018 

-0 0812 

0 0276 

0 0630 

0 0414 

1 1 

-0 0698 

-0 1089 

-0 0620 

0 0330 

0 0669 

0 0362 

] 2 

-00710 

-0 1141 

-0 0397 

0 0388 

0 0600 

0 0276 

1 3 

-0 0826 

-0 1168 

-0 0162 

0 0460 

0 0623 

0 0185 

1 4 

-0 0943 

-0 1171 

0 0100 

0 0613 

0 0637 

0 0082 

1 6 

-01059 

-0 1148 

0 0346 

0 0677 

0 0639 

-0 0028 

1 6 

-0 1171 

-0 1102 

0 0671 

0 0640 

0 0631 

-0 0142 

1 7 

-0 1278 

-0 1036 

0 0762 

0 0702 

0 0611 

-0 0262 

1 8 

-0 1378 

-0 0961 

0 0008 

0 0762 

0 0681 

-0 0362 

1 9 

-0 1468 

-0 0866 

0 1006 

0 0818 

0 0641 

- 0 0437 

20 

-0 1649 

-0 0762 

0 1049 

0 0870 

0 0494 

-0 0600 

2 1 

-0 1619 

-0 0647 

0 1046 

0 0917 

0 0442 

-0 0640 

22 

-0 1678 

-0 0544 

0 1000 

0 0958 

0 0387 

-0 0666 

23 

-01728 

-0 0448 

0 0922 

0 0994 

0 0332 

-0 0647 

24 

-01768 

-0 0361 

0 0822 

0 1026 

0 0278 

-0 0619 

26 

-01800 

- 0 0284 

0 0710 

0 1060 

0 0228 

-0 0476 

26 

-0 1826 

-0 0219 

0 0596 

0 1071 

0 0183 

-0 0422 

2 7 

-0 1844 

-0 0166 

0 0484 

0 1087 

0 0144 

-0 0363 

28 

-01869 

-0 0122 

0 0384 

0 1100 

00111 

-0 0304 

29 

-01869 

-0 0088 

0 0296 

0 1109 

0 0083 

-0 0247 

30 

-0 1876 

-0 0062 

0 0222 

0 1117 

0 0061 

-0 0196 

3 1 

-0 1882 

-0 0043 

0 0163 

0 1122 

0 0044 

-0 0160 

32 

-0 1886 

-0 0029 

0 0116 

0 1126 

0 0031 

-00112 

33 

-0 1888 

-0 0019 

0 0081 

0 1128 

0 0021 

-0 0082 

34 

-0 1889 

-0 0012 

0 0066 

0 1130 

0 0014 

-0 0069 

36 

-0 1890 

-0 0008 

0 0037 

0 1131 

0 0010 

-0 0041 

36 

-0 1891 

-0 0006 

0 0024 

0 1132 

0 0006 

-0 0028 

3 7 

-0 1891 

-0 0003 

0 0016 

0 1132 

0 0004 

-0 0018 

38 

-0 1891 

-0 0002 

0 0009 

0 1133 

0 0002 

-0 0012 

39 

-0 1891 

-0 0001 

0 0006 

0 1133 

0 0001 

-0 0007 

40 

-0 1892 

-0 0001 

0 0003 

0 1133 

0 0001 

-0 0006 

4 1 

-0 1892 

-0 0000 

0 0002 

0 1133 

0 0001 

-0 0003 

42 

-0 1892 

-0 0000 

0 0001 

0 fl 33 

00000 

-0 0002 

43 

-0 1892 

-0 0000 

0 0001 

0 1133 

0 0000 

-0 0001 

44 

-01892 

-0 0000 

0 0000 

0 1133 

00000 

-0 0001 
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Tabuc I {continued) 


V 

fi 

Sa 

s\ 

/. 

r. 

n 

00 

00000 

0 0000 

-0 0372 

00000 

0 0000 

0 0272 

0 1 

-0 0002 

-0 0037 

-0 0372 

0 0001 

0 0027 

0 0272 

02 

-0 0007 

-0 0074 

-0 0371 

0 0006 

0 0064 

0 0272 

03 

-0 0017 

-00111 

-0 0369 

00012 

0 0082 

0 0270 

04 

-0 0030 

-0 0148 

-0 0366 

0 0022 

0 0109 

0 0267 

Ofi 

-0 0046 

-0 0184 

-0 0368 

0 0034 

0 0136 

0 0262 

06 

-0 0067 

-0 0220 

-0 0348 

0 0049 

0 0162 

0 0264 

07 

-0 0090 

-0 0264 

-0 0334 

0 0067 

0 0187 

0 0243 

08 

-00117 

-0 0286 

-0 0314 

0 0087 

0 0210 

0 0228 

0 9 

-0 0147 

-0 0316 

-0 0289 

0 0109 

0 0232 

0 0210 

1 0 

-0 0180 

-0 0344 

-0 0268 

0 0133 

0 0261 

0 0186 

1 1 

-0 0216 

- 0 0368 

-0 0220 

0 0160 

0 0268 

0 0169 

1 2 

-0 0264 

- 0 0388 

-0 0176 

0 0187 

0 0282 

0 0127 

1 3 

-0 0293 

-0 0403 

-0 0124 

0 0216 

0 0293 

0 0090 

1 4 

-0 0334 

-0 0412 

-0 0066 

0 0246 

0 0300 

0 0049 

1 5 

-0 0376 

-0 0416 

-0 0004 

0 0276 

0 0303 

0 0006 

1 6 

-0 0417 

-0 0413 

0 0060 

0 0307 

0 0301 

-0 0038 

1 7 

-0 0468 

-0 0404 

0 0126 

0 0336 

0 0296 

-0 0083 

1 8 

-0 0498 

-0 0388 

0 0186 

0 0366 

0 0286 

-00126 

1 9 

-0 0636 

-0 0367 

0 0241 

0 0394 

0 0271 

-0 0163 

20 

-0 0571 

-0 0340 

0 0286 

0 0420 

0 0263 

-0 0196 

2 1 

-0 0603 

-0 0310 

0 0319 

0 0446 

0 0232 • 

-0 0221 

22 

-0 0633 

-0 0277 

0 0339 

0 0466 

0 0209 

-0 0237 

2 3 

-0 0660 

-0 0243 

0 0346 

0 0486 

0 0186 

-0 0244 

24 

-0 0681 

-0 0208 

0 0339 

0 0603 

0 0161 

-0 0243 

2fi 

-0 0700 

-0 0176 

0 0321 

0 0618 

0 0138 

-0 0233 

2 6 

-00716 

-0 0144 

0 0294 

0 0631 

00116 

-0 0217 

27 

-0 0729 

-00116 

0 0262 

0 0541 

0 0094 

-0 0197 

28 

-0 0740 

-0 0092 

0 0226 

0 0649 

0 0075 

-00171 

29 

-0 0748 

-0 0071 

0 0190 

0 0666 

0 0069 

-0 0147 

30 

-0 0764 

-0 0064 

0 0166 

0 0560 

0 0046 

-0 0123 

3 1 

- 0 0769 

-0 0040 

0 0124 

0 0664 

0 0034 

-0 0101 

32 

-0 0762 

-0 0029 

0 0096 

0 0667 

0 0026 

-0 0080 

33 

-0 0766 

-0 0021 

0 0073 

0 0669 

0 0019 

-0 0061 

34 

-0 0766 

-00014 

0 0064 

0 0671 

0 0013 

-0 0046 

3 5 

-0 0767 

-0 0010 

0 0039 

0 0672 

0 0009» 

-0 0034 

3 6 

-0 0768 

-0 0006 

0 0027 

0 0673 

0 0006 

-0 0026 

3 7 

- 0 0769 

-0 0004 

0 0019 

0 0673 

0 0004 

-0 0018 

38 

-0 0769 

-0 0003 

0 0011 

0 0573 

0 0003 

-0 0012 

39 

-0 0769 

-0 0002 

0 0008 

0 0673 

0 0002 

-0 0008 

40 

-0 0770 

-0 0001 

0 0006 

0 0673 

OOOOl 

-0 0006 

4 1 

-0 0770 

-0 0001 

0 0003 




4 2 

-0 0770 

-00000 

0 0002 




4 3 

-0 0770 

-0 0000 

0 0001 




44 

-0 0770 

-0 0000 

0 0001 
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n 

Table ! I { continued ) 

/; V 

/. 

/; 

fl 

00 

0 0000 

0 0000 

-0 0212 

2 1 

-0 0347 

-0 0184 

0 0165 

0 1 

-0 0001 

-0 0021 

-0 0212 

22 

-0 0364 

-0 0107 

0 0179 

02 

-0 0004 

-0 0042 

-0 0212 

23 

-0 0380 

-0 0148 

0 0186 

03 

-0 0010 

- 0 0064 

-00211 

24 

-0 0394 

-0 0129 

0 0186 

04 

-0 0017 

-0 0086 

-0 0208 

25 

-0 0406 

-00111 

0 0181 

05 

-0 0027 

-00106 

- 0 0204 

26 

-0 0416 

- 0 0094 

0 0171 

06 

-0 0038 

-0 0125 

-0 0197 

27 

-0 0424 

-0 0077 

0 0167 

07 

-0 0052 

-0 0145 

-0 0188 

28 

-0 0431 

-0 0062 

0 0140 

08 

-0 0067 

-0 0163 

-0 0177 

2P 

-0 0437 

-0 0049 

0 0124 

09 

-0 0084 

-0 0180 

-0 0162 

30 

-0 0440 

-0 0038 

0 0102 

1 0 

-0 0103 

-00197 

-0 0145 

3 1 

-0 0442 

- 0 0028 

0 0084 

1 1 

-0 0123 

- 0 0209 

-0 0123 

3 2 

-0 0444 

-0 0021 

0 0066 

1 2 

-0 0145 

-0 0221 

-0 0099 

13 

-0 0446 

-0 0016 

0 0061 

1 3 

-0 0168 

-0 0229 

-0 0072 

34 

-0 0446 

-0 0011 

0 0038 

I 4 

-0 0191 

-0 0234 

- 0 0042 

3 6 

-0 0447 

-0 0007 

0 0028 

1 5 

-0 0215 

-0 0237 

-0 0009 

36 

-0 0447 

-0 0006 

0 0021 

1 6 

-0 0239 

- 0 0236 

0 0026 

37 

-0 0447 

- 0 0003 

0 0015 

1 7 

-0 0263 

-0 0231 

0 0061 

38 

-0 0447 

-0 0002 

0 0010 

1 8 

-0 0286 

-0 0223 

0 0093 

39 

-0 0447 

-0 0002 

0 0007 

1 9 

-0 0307 

-00212 

0 0122 

40 

-0 0447 

-0 0001 

0 0004 

2 0 -0 0328 

magmtude as r 

-0 0199 0 0146 

increases and continue 

to alternate m sign 

t (Each term in 


(16) after the first is then negative ) 

We can then obtain limits for x* by putting first /;!(0) = 0 for r ^ 9 and 
then by putting | /*(0) | = | /J(0) | for r > 9 In the first case we find 
«= 0 129 and in the second a:? = 0 119 It is, therefore, fairly safe to 
assume that x* lies within the interval 0 119 to 0 129 

We can obtain an approximate answer m the following way We may 
regard the terms already obtained up to and including say, as an approxi- 
mate solution X If appears that each of the terms /j and/j, and as far as 
they have been obtained,/^ and/, are expressible with reasonable accuracy 
m the form where the are constants (different for different /,) § 

In fig 1 /g 18 compared with with an appropnate value -0 0221 

for Kf and a = 0 1 It is evident by tnal that a retains the same value for 

t It Will bo seen from the equations (6)- (13) that apart from/g,/i and/,, which have 
exceptional right hand sides, the equations defining the f, may be considered to be 
of the same form, it seems reasonable therefore to assume that they continue to 
alternate m sign and decrease in absolute magmtude beyond r = 8 

f The terms in x'' and x* were not obtamed sufTloiently accurately in the outer 
part of the boimdary layer to be useil here, it is, m fact, necessary to obtam //(O) 
to an accuracy considerably greater than is required for/,' m the outer part of the 
boundary layer 

S The error incurred by expressing/, m this form is not great 
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the different functions f'r If we assume that all the terms after are of the 
form the velocity u at any point may be written (Uq + iii), where 



«o = 2'{/o(y) - 

(17) 

and 


(18) 



0 10 20 30 4-0 


V 

Fio 1 

where F{x*) is a function to be determined It will be noticed that the 
function 76 “®'^’* satisfies the conditions 

du dhi 

when^ = co, 

M = 0 when 7 = 0 , 

ay* ay» 

a considerably greater number of conditions than the polynomial used in 
the ordmary Pohlhausen method Moreover, the choice of a ( = 0 1) so as to 
give agreement with the forms of /J and /J presumably corresponds to 
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satisfying an additional condition, though it is not obyious what this 
condition is 

We may write the boundary layer momentum integral m the form 

(19) 

le 

+ (20) 
Letuswnte Mo = ^{/o-»a;*/i+ +(8a:*)*/«} = y**’ (21) 

^® = ^{-7/;+8®*(7/I-2/J)- = (22) 

Equation (20) may then be written 

+ Sx*[l~x*)}dv - (1 -x*)[( -i^/i+/,) + 3A+|) 

- (8x*)» (7/i - 6/,) + - {Sx*f (7/; - 13/.)] 

+ i’(a:*)|^-J t)(i;e-®'i ’'’-0 3i;*c-®‘V)+J t»'}^e-®’i7’d^-(l-x*)j' di;] 

+ 2^'(x*)x*j^j' V7ie-<>^’’’dii-(l-z*)j 
+ 2f’(x*) F'(x*) x*| * dr) - [^’(»*)]*| " f e"® (1 - 0 Zf) di; 

= -JF'-iF(x*) (24) 

Starting from the value of F{x*) at x* = 0 0876 given by the terms m x*’’ 
and X*®, equation (24) may be integrated graphically for F{z*) The con- 
dition for separation is, of course, 


F(x*)u,-V' 

t The dashes on v and V do not denote differentiations 


( 26 ) 
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It mil be seen from equation (24) tbst F'ix*) betomee infrAite when 

-»*)J - 0. (26) 

Once the integral curve reaches this curve it becomes imaginary The 
integral curve together with the curves given by (26) and (26) is shown in 
fig 2 It will be noticed that the integral reaches the curve given by (26) 
when x* = 0 120 and that it has not then reached the curve given by (26) 
by a quantity of the order of 2 x 10"* 

This failure to find separation — although the actual value of the skm 
friction given by the last real point on the integral curve is small — ^raust 
be due to the form assumed for the correction term It seems fairly reason- 
able to assume that it is only in the neighbourhood of the pomt where 
F'(x*) becomes infimte that the solution is invalidated If we suppose that 
the solution given is vahd as far as F{x*) = - 0 1 10, x* = 0 1 19 say, we may 
complete the solution using a result stated by Goldstein (1930, p 4), viz 



I Wo [dyj 


Takmg the values of duldy and dhijdy* obtained by our method of solution 
we find separation when x* = 0 120 The values of d'’uldy^ given by the 
approximate method are sufficient to show that the thu'd terra in the senes 
IS neghgible over the range of values of x* (0 001) over which we require 
the solution 

An alternative method of solution is obtained by using the result given 
by differentiating the first boundary layer equation twice with regard to y, 
we find 


d /3 m t 

dx\dy} dy*l dy 


(28) 


along the wall We may use the skin friction given by the first nine terms of 
the senes as an approximation and again use a term 


as a correction Equation (28) then gives a first order differential equation 
for (j) Although we are still using the same form for the correction term, yet 
applying (28) (which gives the correct growth of the skm friction along the 
+ This restilt is, of course, contained m (27) 
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wall) instead of (24) (which is the expression of the momentum law through- 
out the layer) would be expected to produce a totally different result from 
(24) if the form assumed for the correction term were inadequate The 
integral curve for ^{x*) is shown in fig 3, the corresponding value of 

?i(a:*)-/;(0)(8a;*)’+/*(0)(8a:*)* 



Condition for separation 


Fio 3 

IS shown dotted in fig 2 This quantity is the one we have to compare with 
F(x*) It will be seen that the agreement between the curves is very good 
and that both lead to the result that separation occurs when x* = 0 120 
The curve m fig 3 when becomes mfimte coincides in this case with the 

curve of condition for separation (Of course, the accurate value of dhijdy* 
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18 zero at the separation, but the present method, being approximate, does 
not give this result and consequently yields an infimte value for at 

the point of separation ) 

Table II 



0 0125 2 739 0 190 0 070 3 17 0 024 2 773 

0 0250 1 772 0 292 0 110 2 39 0 040 1 817 

0 0375 1 309 0 371 0 137 2 08 0 060 1 360 

0 0500 1 011 0 447 0 102 1 93 0 084 1 004 

0 0625 0 790 0 523 0 186 1 85 0 100 0 843 

0 0750 0 613 0 603 0 200 1 82 0 116 0 663 

0 0875 0 469 0 091 0 231 1 81 0 128 0 603 

0 1000 0 315 0 794 0 254 1 84 0 138 0 346 

0 1126 0 163 0 911 0 270 1 88 0 147 0 184 

0 120 0 000 1 110 0 290 192 0 161 0 000 


In Table II the values of 



are tabulated against x* over the entire range of the solution, where 0 is 
the momentum integral J ^ 1 — ^ j ^ dy and is the displacement thickness 
J ^ 1 — dy The values of these functions are shown graphically in figs 4, 

6 and 6 The velocity distributions corresponding to a:* = 0 0126, 0 025, 
0 0376, 0 06, 0 0026, 0 076, 0 0876, 0 1 , 0 1 1 26 and 0 1 20 are given in Table III 
and some of these velocity curves are shown graphically m fig 7 Values of 

are tabulated in Table IV for a:* = 0 026, 0 05, 0 076, 0 1 and 

0 120 

An additional check on the methods of solution used to complete the 
solution in senes may be obtained in the following way If we denote by 
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X the non-dimeneional quantity db\lpi it is necessary m the following work 
to determine dx/dx*, this may most easily be done from the momentum 
integral equation, which may be written 


i-(H + 2)d 


J_ ^ ^ Tp 

u dx~ pm’ 


(29) 


where H — djd Equation (29) may be written, in the case of our problem, as 


dx* 1 —X* (1 — a;''')*6o6i 


( 30 ) 


Thus the value of dx/dx* corresponding to a particular value of x* may be 
determined from the values shown in Table II by direct application of the 
momentum mtegral equation If this equation were not satisfied we should 
expect a discrepancy to arise between the values of dx/dx* given by (30) 
and those obtained graphically from the curve or from numerical differen- 
tiation of the table of values of y It was m fact made very evident by trial 
that an error as small as 0 001 in the value of x* would cause a considerable 
discrepancy between the value of dx/dx* given by (30) and that obtamed 
from the xi^*) curve Starting from the value of at a:* = 0 0625 and by 
integrating the values of dx/dx* obtained from (30) we obtain the values of 
X given in the second column of the following table The values of x already 
determined by integration from the velocity curves are given m the third 
column The agreement ivill be seen to be very good 


0 0626 
0 0760 
0 0876 
0 100 
0 1126 
0 120 


Calculated from 
the values of 
dxidx* given by 
equation (30) 


Calculated 
by integration 
from the 
velocity curves 

0 180 


0 232 0 231 

0 264 0 264 

0 277 0 276 

0 291 0 290 


We may take this agreement as fairly conclusive proof that the value of 
X* (0 120) determined by either of the approximate methods is the correct 
one 
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PART II 


New method of solving the boundary layer equations 
FOR the general CASE OF RETARDED FLOW 


For simplicity we will consider in the first place the method as it was 
crudely conceived ongmally The original idea was to replace the velocity 
distribution at the edge of the boundary layer, in a retarded region, by a 
polygon of a finite number of sides We will suppose that the solution has 
been earned as far as the retarded region by some other method, because 
there seems to be httle doubt that many of the existing methods (Pohl- 
hausen’s for example) are reasonably adequate in an accelerated region 
We may suppose, therefore, for our present purfiose that the skin friction 


and momentum integral known at the commence- 


ment of the first side, we may wnte the velocity distnbution corresponding 
to the first side in the form U = b'„ — biX, where X is measured from the 
first vertex The essential assumption introduced now is that, once the 
pressure, the pressure gradient and the skin friction (or the momentum 
integral) are known at a particular point, the velocity distribution through- 
out the boundary layer is completely determined and is given by the 
appropnate one of the singly mfinite family of velocity curves given by the 
problem of Part I Although not precisely true it is hoped that such an 
assumption offers a reasonable basis for approximation 

The method consists m determimng 6o *o ( = *i*'o/^o) that when 
a:=a:o in the solution of the problem we havejust discussed (with U ^b^ — b^x) 
the skin friction is identical with the known skin friction at the begmning 
of the first side and U is equal to b^ there The solution at any point m the 
first side is then given by putting 


* f>iX 


the solution as far as the second vertex is therefore known and the process 
can be repeated The determination of 6, and x* is simple, we notice that 

bo = bo-biXo = b„{l-x^), 


and since (^l^y)x-o supposed knovra we can evaluate 



( 31 ) 
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In virtue of (31) 




(32) 


We can plot the nght-hand side of (32) once and for all as a function of zj 
(see Table II and fig 8) and from the graph we can read off from the given 
value of 



the appropriate value of Knowing 6q is determined from (31), and 
at any point of the first side x* is determined by the expression + (h^ X/bo) 
Similarly z* is determined in subsequent sides 


V 

00 
02 
04 
06 
0 8 
1 0 
1 2 

1 4 
1 6 
1 8 
20 

2 2 

2 4 
2 0 
28 
30 
32 
34 

3 6 
3 8 
40 
42 


Values oi ujU 


0 0126 0 026 


0 000 0 000 
0 126 0 117 
0 261 0 237 
0 377 0 368 
0 498 0 477 
0 611 0 690 

0 711 0 692 

0 796 0 779 
0 864 0 860 
0 914 0 904 
0 949 0 942 
0 972 0 967 

0 986 0 983 
0 903 0 991 

0 997 0 996 
0 998 0 998 

0 999 0 999 

1 000 1 000 


Table III 

0 0375 0 060 


0 000 0 000 
0 108 0 099 
0 222 0 206 
0 338 0 317 
0 466 0 430 
0 667 0 641 
0 670 0 646 
0 760 0 738 
0 834 0 816 
0 891 0 877 

0 934 0 923 
0 962 0 964 
0 979 0 976 

0 990 0 987 
0 996 0 994 
0 998 0 997 

0 999 0 999 

1 000 1 000 


0 0626 0 075 


0 000 0 000 
0 089 0 078 
0 188 0 168 
0 293 0 207 
0 403 0 372 
0 613 0 480 
0 617 0 686 

0 712 0 682 
0 794 0 769 
0 860 0 839 
0 910 0 894 
0 946 0 934 

0 969 0 961 
0 984 0 970 

0 992 0 989 
0 996 0 996 

0 990 0 998 

1 000 0 999 
— 1 000 


0 0876 0 100 


0 000 0 000 
0 066 0 062 
0 146 0 120 
0 237 0 202 
0 337 0 294 
0 442 0 394 
0 646 0 498 

0 640 0 608 

0 736 0 692 
0 812 0 776 

0 872 0 844 
0 918 0 897 

0 951 0 936 

0 972 0 962 

0 986 0 978 
0 992 0 989 
0 997 0 994 

0 999 0 998 

1 000 0 099 

— 1 000 


0 1126 0 120 


0 000 0 000 
0 034 0 010 

0 086 0 038 
0 162 0 086 
0 234 0 149 
0 326 0 227 
0 420 0 318 
0 627 0 410 

0 626 0 617 
0 710 0 616 

0 794 0 708 
0 868 0 787 
0 908 0 853 
0 943 0 903 
0 967 0 940 
0 982 0 985 
0 991 0 981 
0 996 0 900 
0 998 0 995 

0 999 0 998 

1 000 0 999 
— 1 000 


Knowmg z* at every }xnnt the solution is completely determined For, 
in the first place, the velocity distnbution is given by the correspondmg one 
of the smgly infirate system of velocity curves (some of these curves are 
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shown m Table III and fig 7) Fiurthermore, if U and dt/ jdx are respectively 
the velocity and the velocity gradient at the point considered 

by the definition of 6 q and x* Therefore 

411 ’"(II 

6o6t(l-a;*) U(-dUjdx)^ 

This quantity is shown in Table II and plotted in fig 8 as a function of x* 

Thus given x*, jj-^ — \uidx)^ determined, and since U and dUjdx are 

given the skin fnction can be evaluated 



Fia 8 
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We naturally obtain a continuous curve for the skin friction This method 
18 not aU that could be desired, because making the skin friction continuous 
at the vertices corresponds to introducing an impulse at each vertex 
Probably a more satisfactory method would be to make d oontmuous 
The solution of this problem is simpler than the preceding because b\dlv^ 
18 given as a function of x* by the original problem Knowing 6 mitially 
b\djv^ can be evaluated at the beginning of the first side of the polygon and 
the corresponding value of a;* read off from the graph of b{d/p* against x* 
The solution at any other point is given, as before, by putting 

a:* = a:? + , where bo = 6i/( 1 - a;?) 


The value of 6 being thus determined at the second vertex the process may 
Vie repeated 

Table IV Table ot 


*• 0 026 0 060 

V 

0 0 1 772 1011 

0 4 1 860 1 162 

0 8 1 796 1 200 

1 2 1 467 1 060 

1 6 0 960 0 741 

2 0 0 481 0 406 

2 4 0 170 0 168 

2 8 0 049 0 061 

12 0 009 0 011 

3 6 0 002 0 002 

4 0 0 000 0 000 

44 — — 


VALUES 01 V* 

0 076 0 100 0 120 


0 613 0 316 0 000 

0 801 0 633 0 240 

0 906 0 691 0 464 

0 860 0 733 0 604 

0 663 0 632 0 642 

0 401 0 432 0 604 

0 184 0 220 0 367 

0 064 0 093 0 193 

0 016 0 028 0 103 

0 004 0 006 0 023 

0 000 0 001 0 006 

— 0 000 0 000 


The objection to this method is that by making 6 continuous we make the 
skin friction discontinuous at each jom, and since the skm fnction is one 
of the most mijiortant results of the calculation it is not satisfactory 
This method of solution can, however, be extended to the case when the 
sides of the polygon are made to tend to zero, the number of sides tending 
to infinity By so doing we obtain a continuous skin friction without 
introducmg a senes of impulses 

Let us approximate to the velocity distnbution at the edge of the boun- 
dary layer by means of a circumscnbing polygon whose sides are infim- 
tesiraally small Suppose B is one vertex of this polygon and that A and C 
are the points of contact of the sides through B Suppose A, B and C have 
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absoisBae x, x + Sxi, x + Sx respectively We may then write the slope of 
AB a,B {dUjdx)x and that of BC as (dU ldx)j.^.gj. 

The method essentially consists in determimng the value of x* appro- 
pnate to any value of x Let us suppose the value of x* is known at A The 
change dx'f in x* as we pass from ^ to J3 (considered as a point of AB) is, 
retaining the same notation as we used previously, 


biSx^ _ biSx^(l-x^ 
bo ~ ' b'o 


The change da:} in x* as we pass from B, considered as a point of to B 
considered as a point of BC is given by our hypothesis that f) is continuous 
at B 


Now 

Hence if 6 is continuous 


0_X 
v* 6j[ 


1 e 


Moreover, 


;^(** + dxf) ;^;(x* + dxf + dx}) 
\ dx jx \ dx jx+)» 



(33) 


(34) 


retaimng only first order quantities Thus 


dxj = 


ld*(7 jdU 
(dx» dx dx*] 


dx 


(36) 


Further, the change dx} in x* as we pass from B to C along BC is given by 

t Smoe X is known to be a differentiable function of x*, and since dxf will be small 
so long as the change in slope from AB to BC is small, we can write 

+ dxf + Sx$) = x(^* + dxf) + 

to the first order Equation (34) then follows immediately 
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where Sz* is the total change in x* from AtoC Thus to the first order 

Sz* = -(I (30) 

Hence the total change in x* as we pass from A to C la 
Sx* = + + 

j ( 'Udx^2dx dUjdx [ 


Proceeding to the hmit when the sides all tend to zero we see that 

IdU,, . I X(^*) d^Uldx^ 

dx V dx^ dUldx 

dx* 


(37) 


(37) 18 a differential equation for x* in terms of x, since x(^*) * known func- 
tion of X* shown in Table II and fig 5, and 1/ is a known function of x The 
solution may be obtained graphically or otherwise once the imtial value of 
X* IS known If, as before, we suppose the solution starts from a given value 
^0 of d at X = Xq, then we can evaluate 

/ 

\ dx Jj., i>* 

and determine the initial value of x* from the graph of x(^*) Thus the 
imtial value of x* corresponding to Xq is determined, and hence the complete 
relation between x* and x is known from the solution of ( 37 ) Once the value 
of X* appropriate to a given value of x is known w e can determine the skin 
friction and the velocity distribution The skin friction is obtamed by reading 
off the corresponding value of 



6^(1 — X *) 6 } 


from Table II or fig 8 , since 6 „(I — x*) = U and fcj = —dUjdx, v^adujdy)^ is 
determined The velocity distnbution is given by the appropriate one of the 
smgly mfimte family of velocity curves given by different values of x* in 
the exact solution of the ongmal problem Some of these curves are showm 
m Table III and fig 7 

So far it has been assumed that another method has been used to carry 
the8olution]U8tintotheietaxdedregion(i e just past the pressuremimmum) 
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In all apphoations it would probably be most convenient to start the solution 
at the pressure mimmum Since dU jdx vamshes at the pressure mimmuin 
it 18 evident that a:* also vamshes there (since it contains dll jdx as a factor) 
Further, equation (37) has a singular point when a:* = 0 and dlJIdx = 0, 
since below) for small values of x* The appropriate value of 

dx*ldx must be determined from the value of d at the pressure mimmum 
obtained, of course, from the method of solution used as far as the pressure 
mimmum 

We may proceed here as we did before Let us suppose that A is the 
velocity maximum (the pressure mimmum) and suppose that AB and BC' 
are two adjacent sides of the circumscribing polygon (A B will therefore be 
parallel to the a;-axi8) As before we take the abscissae ot A, B and C to be 
x,x + Sxi and x + Sx Thus the slope of BC is, to the first order, {d^U jdx^)^. Sx 
The value 6^ of 6 is supposed given at A by the method of solution used m 
the accelerated region and will be used as our starting point Apart from a 
first order quantity the value oi 0 aX B considered as a point of AB will 
be ^0 Therefore the value of at IS considered as a point of BC is determined 

by making 0 continuous at B and is ^ neglecting quantities of 

the order of (^a;)* Now x vanishes at A, so we may wnte, at C 



Moreover, for small values of x*, x is of the form where K 

Therefore to the same order 


Sx = K(Sx*)^, 


0 664 
(39) 


since x — ^X when 
we see that 


Sx* Equating the values of Sx from (38) and (39) 


dx^ 

dx 




(40) 


Thus, starting from the pressure minimum with a known value of it is 
necessary to solve the equation 


dx* 

dx 


TT * 1 + SX j ,.2 / 


t Since the change m x fro* B to C la 0(ia:)* 
t From the solution m senes for u we see that 

xJ^ = 2x*i j* J/,(l - if,) dr, + 0(**l) 



672 


L Howarth 


with the boundary conditions a:* = = — 2 (the additional 

boundary condition being required since a;* = 0 is a singular point with an 
infinite number of mtegrals passing through it) The function xj^i 
shown in Table II and fig 9, tabulated or plotted against x* 
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CoMPABISOIf WITH A KNOWN SOLUTION 

Falluier and Skan have given the exact solution of the boundary layer 
equation for a velocity distribution U =» x~”* at the edge of the boundary 
layer for values of m between 0 09 and 0 (they also give the solution for 
negative values of m, but that need not concern us here) The present method 
of solution does not lend itself to starting from the inflmte value of U at 



673 


Laminar boundary layer equations 

X = 0, we can, however, start from the exact value of 0 at any point further 
downstream and contmue by means of the present solution m order to test 
the adequacy of this method of solution Equation (40) reduces to 

(41) 

Falkner and Skan do not, however, give sufficient information to enable 
us to calculate 0 at any point for a given value of m, but we may choose the 
imtial value of at* for starting our solution so that it leads to the right 
skin friction 

For the value m = 0 09 Falkner and Skan find a solution m which the 
skin friction vamshes for all values of x Let us consider the same problem 
and start our solution from the value of j:* which gives the right skin friction 
uutially (zero), i e we start from x* = 0 120 
With x* = 0 120 we find from (41) that 

In order that the skin friction should vamsh everywhere dx*ldr must vanish 
everywhere so that x* retains the value 0 120 for all values of x, we require 
therefore 

m 0 0756 

m+1 ~ 0 880 ’ 

which leads to a value m = 0 0938 

Thus the present methoil gives a value 0 0938 lor m compared with the 
value 0 09 obtamed by Falkner and 8kan Hartree, using the differential 
analyser, has recently given a value 0 0906 for this quantity (1937) 

Pohlhausen’s equation for ™ may be put in the form 

(Hogarth .934, p 14) 
dx 

This method gives separation when A = — 12, so that appl3nng a similar 
analysis here to determme the appropriate value of m we find 

tn A(-12) 
m+l~ /(-12 )’ 

which leads to a result w * 0 100 



574 


L. Howarth 


The agreement given by the present method with the exact solution is 
much better than that given by Pohlhausen’s method and may, I think, 
be considered qmte good for the following reason The problem to which 
it has been applied is probably the one most likely to show up any defects 
because the pressure gradient is decreasmg in the direction of the flow It 
18 evident from the values already given that with this type of flow the 
present method gives separation too late, an examination of equation (37) 
suggests that when the pressure gradient is increasing in the direction of 
the flow (as it usually does in practical cases between pressure mmimura and 
separation) the present method may give separation, if anything, too early 
since the sign of the last term in the equation depends on the curvature of 
the pressure curve 

Returning now to the method suggested m this paper we can test it 
against the exact solution by choosing some small value of m, say, 0 04 Then 

*! = Uo04(.-..)-0«X1 (42) 

I ib*J 

With this value for m the graph given by Falkner and Skan shows that 
jdu\ 

■'(sd 


Starting from the value a; = 1 we see that 


^ / ttI _ 0 26 

dyf \ dx / ~ 0 2 


1 3 


The appropnate value of x* determined from fig 8 is 0 040 When x = 1 and 
X* = 0 040, dx*jdx = 0 016 Now dx*ldx — 0 for all values of x when 
X* — 0 042 It IS made clear by tnal that the solution is given by x* = 0 042 
for aU values of x apart from a small imtial region of the order x = 0 2 when 
X* passes from 0 040 to 0 042 Now when x* = 0 042, 


li- 


dxf ' 


1 26, 


so that 

for all values of x 


a.# A (SinU) 

dy 


(44) 


t This value was obtamed (more precisely it was half this value) from a small scale 
graph, so that its accuracy is somewhat doubtful 
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Companng (43) and (44) we see that the agreement may be considered 
excellent especially m view of the determination of the 0 26 in equation 
(43) from a small scale graph It is, m fact, almost impossible to distinguish 
between the abscissae oorresponihng to the values 0 26 and 0 26 


OOMPABISON WITH tXPERIMhNT 


Schubauer (1935) has measured the pressure distribution around an 
elhptic cyhnder of fineness ratio 2 96 1 It is doubtful, however, whether 
the Reynolds number he used was sufficiently high 

If V 18 the velocity at infimty, if u is the ratio of the velocity at a point in 
the boundary layer to V and il p is the ratio of the pressure to ipF® the large 
terms in the second boundary layer equation (the equation of flow jier- 
|>endicular to the wall) are 

dp _ 2 m* 

dy~ r ’ 

where y is the ratio of the normal chstance from the boundary to the minor 
axis B and r is the ratio of the radius of curvature of the boundary at the 
point considered to B Therefore the difference between the value ol p at 
a point y and the value p, of p at the surface is given by 


lU^dCV" n* Jy\ 

r Jo 


where IJ is the value of u and 8 is the value of y at the edge of the boundary 
layer 

Now m Schubauer’s measurements, when a; = 1 946 (he found Separation 
at 1 99), the value of y given by m = 0 96t/ is approximately 0 04 so that the 

change in p across the boundaty layer is approximately ^ ^ ^ ^ ^ 5’ 

1 e 0 010 The value 1/3 which has been used here for the integral is slightly 
low compared with the one obtained by using Sohubauer’s velocity distribu- 
tion (a value 0 4 was obtained by the present writer by numerical integration) , 
Schubauer also gives the result that r varies between 0 17 at the end of the 
major axis to 4 4 at the end of the minor axis {x=l 6), so that the value 4 
for r at a pomt well past the end of the minor axis is probably on the large 
side Thus the value 0 010 is a very conservative estimate of the change mp 
across the layer Now the third figure m p is sigmficant in determinmg the 
pressure gradient to the accuracy with which it is required in the retarded 
region The average pressure gradient over the region from the pressure 
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minimum (a;= 1 3) to the observed point of separation (a;= 1 99) is 0 190 
approximately Moreover the change m p across the layer is not a constant 
but depends primarily on S so that the pressure distribution at the edge of 
the boundary layer probably gives an entirely different pressure gradient 
distribution (Schubauer estimates that S does not vary greatly in the 
retarded region, he gives a variation of from 0 040 to 0 049, but Milhkan who 
has also examined Schubauer ’s experimental data gives a considerably 
greater vanation from 0 032 and 0 061 ) There is therefore a reasonable 
doubt whether the pressure gradient obtained by Schubauer is adequate for 
the purpose of testmg the accuracy of the method of solution suggested 
above 



Fia 10 


However, using the velocity distribution at the edge of the boundary 
layer deduced by Schubauer from his observed pressure distribution, I 
estimated dlZ/da: and d*f7/dx* graphically m the retarded region and appbed 
the method suggested above starting from the value of 6 at the pressure 
mimmum given by Pohlhausen’s method The integral curve for x* is shown 
in fig 10, it will be noticed that the value of x at the point of separation is 
1 926 and that x* does not rise much above the separation value (sinoe 
dx*jdx IS small at the point of separation) The values of the skm friction in 
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the retarded region are shown graphically in fig 11 f Schubauer using smoke 
to locate the separation point found a; = 1 09 for separation, whilst Millikan 
using K&rm4n and Milhkan’s m r*^ od gives a: = 1 8S 



Fio 11 

It should be remarked, however, that using the values Schubauer esti- 
mated for dU jdx and dW jdx’^ the present method failed to give separation , 
X* did not rise above 0 10 The values estimated by Schubauer and those I 
used are shown in Tables V a and V b respectively The reason for failure was 
largely the very early inflexion m the velocity curve given by Schubauer 

Table Va 


1 260 I 295 0 002 

1 360 1 296 -0 012 

1 467 1 292 -0 033 

1 600 1 284 - 0 070 

1 700 1 276 - 0 094 

1832 1261 -0 121 

1 900 1 262 - 0 120 

t It IS impossible to estimate at all aocuratoly the skm friction from Sohiibauer’e 
measurements In addition to the large correction he finds it necessary to apply 
near to the surface, the pomts are scattered m the retarded region I have not 
attempted, therefore, to include his results 

38 3 


d*U 

dx* 

-0 170 
-0 181 
-0 192 
-0 208 
-0 203 
-0012 
+ 0 108 



678 

X 

L Howarth 

Tabl® \b 

dx 

d*U 

dx* 

1 3 

1 295 

0 000 

-0216 

1 4 

1 294 

-0 024 

-0 266 

1 6 

1 290 

-0 060 

-0 260 

1 6 

1 284 

-0 076 

-0 266 

1 7 

1 276 

-0 100 

-0 220 

1 8 

1 264 

-0 119 

-0 140 

1 9 

I 262 

-0 126 

-0 006 

1 926 

1 249 

-0 126 

+ 0 066 


and for which I have been unable to find any evidence My estimation gave 
a value 1 00 for x at the inflexion whilst Schubauer’s value was about 1 84 
In any case the comparatively large value of the pressure difference across 
the layer makes it very doubtful whether we are justified in determining the 
second derivative at all 

It may also be remarked that when Pohlhatisen’s method was applied to 
the values I estimated for dUjdx and d^U/dx* the maximum value for - A 
was about 7 6a value considerably below the value 12 required by this 
method for separation 


I wish to express my gratitude to the Air Ministry for providing me with 
a computer to perform much of the mechamcal labour necessary in the 
solution of the equations (7)-(ll) 


SuMMABY 

Part I The problem of the flow along a flat plate placed edgewise to a 
steady stream, when a retarding pressure gradient varymg hnearly as the 
distance x from the leading edge of the plate is superposed is discussed 
If y denotes distance measured perpendicular to the plate, a solution is 
obtained m the form of a power senes m x whose coefficients are functions 
of yjx^ Differential equations are obtamed for these coefficients Seven 
of the coefficients have been obtamed with reasonable accuracy and the 
eighth and ninth roughly Unfortunately it appears that about eight more 
terms are required to carry the solution to the point of separation, the 
work mvolved m their detenmnation is prohibitive Two approximate 
methods have been developed for determmmg the error when the first 
seven terms of the senes are used eus an approximation These methods lead 
to the determmation of the pomt of separation and are m agreement as to 
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its position If 6o IS the velocity at the edge of the boundary layer at the 
leading edge of the plate and is the velocity gradient, separation is found 
when byxjb^ = 0 120 

Part II A method is developed for the solution of the boundary layer 
equations m any retarded region It is obtained by replacing the velocity 
distribution at the edge of the boundary layer by a circumscribmg polygon 
of inhmtesimal sides and applying the preceding solution to each of these 
sides, makmg the momentum mtegral continuous at each vertex The 
problem is thereby reduced to the solution of a first order differential 
equation 
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The crystal structure of insulin 
I The investigation of air-dried insulin crystals 
By DoftOTHY Crowfoot 

Department of Mineralogy and Crystallography, Oxford 
{Communicated by R Robinson, FR S — Received 11 November 19,17) 
[Plato 9] 

Tho crystal structure of uisulm is of interest not only in itself but as 
part of the wider problem of protein structure considered as a whole The 
early X-ray work on protein fibres gave strong support to the original 
chemical theories of the existence of [Kilypeptide chains as the essential 
backbone of the protein molecule The comparatively small spacings of 
3-4, 4 6 and 10-11 A which are most prominent on a large section of X-ray 
photograplis of the scleroproteins are easily mterpretable in terms of a 
fundamental chain structure (Astbury and Woods 1933, Astbury and 
Sisson 193s) It 18 on the other hand difficult to reconcile a cham structure 
with certain of the physical properties of the globular proteins, par- 
ticularly their crystalline form and their behaviour in the ultiacentrifuge 
as approximately sphencal masses of molecular weight some multiple of 
36,000 (Svedberg 1937 a) Yet there is much evidence, physical as well as 
chemical, that the two tyfies of protein structure are closely mterrelated 
Certain of the natural protein fibres show X-ray reflexions correspondmg 
to very long spacings sujienmposed on the simple P keratm type of fibre 
pattern These long spacmgs — up to 300 A in feather keratin (Astbury and 
Marwick 1932), tendon and collagen (Wyckoff and Corey 1936) — are more 
of the order of magnitude of the spacings which define the crystal struc- 
ture, 1 e intermolecular distances, in crystals of the soluble protems And 
further fibre forms can be obtamed from the crystalline protems, par- 
ticularly relevant observations bemg those on edestin and excelsm (Ast- 
bury, Dickmson and Bailey 1935) Several attempts have been made on 
the theoretical side to reconcile these facts, and two views of protem struc- 
ture m particular have been stated m some detail Astbury has advocated 
a vanety of straight cham structures for the different fibre protems which 
may be coiled mto spiral forms or folded m layers m the globular protems 
(Astbury and others 1935), as also discussed by Paulmg and Mirsky (1936), 
[ 680 ] 
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while D M Wnnch (1937 a) has shown that the occurrence of an internal 
cyclizing process might lead to the development from polypeptide chams 
of beautifully symmetrical “cyclol” networks both open and sjiace en- 
closing But on the experunental side many more observations are necessary 
before even these qmte different hypotheses can be distinguishe*!, and one 
possible approach seems to be through a more complete X-ray study of 
the crystaUine globular protems 

In recent years it has been possible to obtain X-ray diffraction patterns 
from a considerable number of protein crystals In most cases these 
patterns have been powder photographs only and can give httle more than 
a record that some degree of orderly airangement of molecules exists in 
the crystals (Fankuchen 1934, Wyckoff and Corey 1935, Magnus-I^evy, 
Meyer and Lotmer 1936) So far in three examples only, pepsin (Bernal 
and Crowfoot 1934 a), msulm (Crowfoot 1935) andexcelsin (Astbury and 
others 1935), have actual single crystal X-ray diffraction patterns been 
obtamed, and in these it is possible to carry the deductions from the 
X-ray analysis a stage further The first photographs jiermitted the 
calculation of the actual crystal unit cell size in each case and hence the 
order of magnitude of the protein molecular weight 1'he crystallographic 
method at this stage cannot hx the exact submultiple of the cell molec ular 
weight which is the true piotein molecular weight unless controlled by 
chemical or other evidence In these particular three protein crystals 
the weights found agree very well in order of magnitude w ith those measured 
by Svedberg, provided that in pepsin there are six Svedberg units in the 
crystal umt cell, in insulin and excelsin only one It seems at present 
simplest to refer to the weights found by Kvedberg’s method as (approxi- 
mately) the weights of the protein molecules themselves, 1 e to the 
Svedberg umts as the protein molecules, leaving further work to establish 
possible subdivision 

The coincidence, that m the case of insulin and excelsin the unit cell 
molecular weight is equal to the protein molecular weight given by the 
ultracentnfuge method, has direct implications for the internal structure 
of the protem molecules themselves In the first place the symmetry of the 
molecule must be that of the crystal at least to the degree ot accuracy 
measured by the available X-ray spectra This point alone is worth further 
mvestigation, since the prelimmary data indicated trigonal symmetry for 
both insulin and excelsm Secondly, any distribution of scattering matter 
withm the unit cell which can be deduced from the X-ray mtensities wiU 
be that withm the actual Svedberg molecule It is naturally impossible 
in the case of exceedingly complex structures such as these to attempt to 
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apply directly ordinary trial and error methods to the analysis of the 
mtensities of the X-ray reflexions, but the recent iiitroduction of Patterson 
analysis (Patterson 1934, 1935) does supply at least the possibihty of a 
descnption of the intensity variations in terms of prominent interatomic 
distances withm the structure This method could be apphed to study any 
protein crystal from which sufiiciently good X-ray reflexions are obtam- 
able, and of the three so far examined insuhn seemed the most hopeful for 
a trial attempt, smce the crystal structure is simpler than that of pepsm 
and the molecular structure simpler, at least in order of magmtude, than 
that of excelsin The preliminary data published m 1935 on X-ray diffrac- 
tion from single crystals of insuhn showed both that the variation of the 
X-ray mtensities was perfectly defimte and characteristic and also that 
there was, to the eye, no apparent relation between those and any protein 
fibre pattern 

The application of the methods of X-ray crystallography to the problem 
of the crystal structure of proteins has been much hindered experimentally 
by two factors First, most of the beautiful protein crystals descnbed m 
the literature contain water of crystallization which they lose very readily 
on exposure to the air Secondly as work on simpler organic molecules 
has shown, the more complicated is the molecular structure, the smaller 
tends to be the proportion of atoms contributing to any one reflecting plane 
(Robertson 1934) The absolute reflecting power of protem crystals for 
X-rays is therefore generally very weak As far as the first factor is 
concerned, it has proved possible m the case of insulin to obtam diffraction 
effects from ordinary air-dried crystals The percentage of water of 
crystallization in such crystals is small and this is not lost on exposure to 
the air On the contrary, the vacuum-dried crystals prove very hygro- 
scopic and rapidlj regain to a considerable degree their former weight 
The second factor is probably that mainly responsible for the failure of the 
earlier attempts to obtam crystalline diffraction effects from insulm, e g 
those of W H George (1928), of K Freudenberg and his co-workers (1930) 
and also of H Hims and D A Scott (1930) These authors all exammed 
crystalline powders, from which they could obtam no more than an amor- 
phous nng at about 4 6 A, together with diffuse scattering extending out 
from the centre of the photograph to a limit of about 10 A 

This diffuse scattering covers in extent the area of the true crystal 
diffraction effects obtained m 1935 It is very difficult to distmguish actual 
powder Imes in this area even on photographs exposed for from 30-40 
hr and quite impossible to base any crystal structure determmation on 
the lines that can be perceived For this reason alone one might hesitate 
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to accept Clarke and Corrigan’s report on the crystal structure of insulin 
based on the finding of long spacings m 1932 The structure proposed does 
not agree with that given in this paper and no later confirmation of the 
measurements has appeared * In order to observe discrete and mterpret- 
able diffraction effects it does seem most desirable, if not always abso- 
lutely necessary, to work with comparatively large single protein crystals 
— up to 0 2 mm in one dimension The first step m the present crystal 
analysis of msiilin was therefore the preparation of such crystals 


This orystaluzation oi ins uni n 

A sample of crystalline insulin prepared by Messrs Boots Pure Drug 
Co Ltd was given for this work by Professor F L P5Tnan This consisted 
of very minute rhombohedral crystals and a numlier of attempts at 
recrystalhzation were made in order to grow larger crystals from these 
Vanous methods desonbed m the hteraturo wore tried but only one 
reerystallization was successful This followed a slight modification ol 
D A Scott’s (1934) later method and the details of the actual experiment 
are as follows 

15 8 mg of insulin were dissolved mice of water ■+ 1 drop NHCl 
Meanwhile 12 6 c c of phosphate buffer (NajHP04 KHjPO^ prepared as 
described by Scott) were diluted with an equal bulk of distilled water and 
warmed to 65'’ C To this was added the insulin solution and 2 0 c of 
acetone and the pH adjusted to 9 2 by the addition of warm 0 9N NH4OH 
The solution was set to cool slowly in a cavity in a copper tank filled with 
water at 65° C At the end of three days the solution w as exammed and 
found to contain no crystals The solution was warmed again, a few drops 
of 0 6 % zinc chloride solution added and the pH readjusted to 6 2 There 
was a shght cloudy precipitate, which mainly dissolved on warinmg The 
solution was again allowed to cool slowly for three days os before and at 
the end of this time comparatively large crystals were found to have 
formed These were filtered, washed first with the buffer solution, then 
with distilled water and finally with a little alcohol, and air dried They 
were very faintly discoloured The main part of the sample was used for 
a test of the biological activity of the preparation, which was found to be 
24 international units per mg This shows that these large crystals are 
biologically active insulm 

* It IS however possible that the lines found by Clarke and Corrigan indicate that 
the structure now put forward is a pseudo structure of the real one, or that they 
were dealing with a jiolyniorphic modification 



684 


D Crowfoot 


Mokpholooy and optics of insulin thb question op polymorphism 

The crystals prepared as above are shown m the photograph (PI 9 (a)) 
They are essentially very flat rhombohedra, the faces developed being 
probably those of the simple rhombohedron {100}, or giving hexagonal 
indices {1011} The larger crystals grow unevenly and present the appear- 
ance of irregular six lobed stars up to 0 2 mm across and 0 06 ram thick 
The crystals also frecjuently grow in pairs united at the ends of their 
trigonal axes There seems no doubt that the crystalline form here is 
essentially that found m Abel’s (1926) first preparation of msulm crystals 
and further very well illustrated by Hanngton and Scott (1929) When 
viewed along the trigonal axis in convergent light these crystals showed a 
])08itive uniaxial figure 

Under certain conditions msulm crystallizes m a rather dilFerent form, 
needles or pnsms, elongated along the trigonal axis and showmg rhombo- 
hedral end faces combined with steep trapezohedra (Abel, Geiling, Rouiller, 
Bell and Wmterstemer 1927 cf Hill and Howitt 1936, p 51) The mar- 
kedly different apfiearance of these crystals has suggested polymorphism 
to a number of observers, and as a polymorphic modification would be 
particularly valuable m assisting a structure analysis, a preparation of 
“needle” msulm was examined by the X-ray method Two preparations 
were available, kmdly supplied by Professor F L Pyman The first con- 
sisted of very small crystals, roughly wedge-shaped but partly redissolved 
at the edges, less than 0 06 ram long In appearance and m the frequent 
occurrence among them of cross-formed twins these crystals seem identical 
with those described by E B Mathews as present m one of the preparations 
of Abel and his co-workers (1927, cf HiU and Howitt 1936, p 51) The 
second preparation exammed consisted of much larger roughly needle- 
shaped masses up to 0 3 mm long which extinguished uniformly between 
crossed nicols and which although showing no identifiable crystal faces 
were mainly single crystals (PI 9(6)) The birefringence m both coses was 
positive The X-ray exammation proved that the same crystal structure 
was present both in these large needle-shaped crystals and in the ongmal 
flat rhombohedral crystals (Crowfoot 1937) 

But although these particular different forms of msulm crystals are not 
polymorphs, this possibility still remains for certain other preparations of 
which descriptions appear m the literature Two, particularly, are the 
crystals having the form of rhombic dodecahedra descnbed by Mathews 
(Abel and others 1927, cf Hill and Howitt 1936, p 51) and the dumb-bell 
shaped crystals prepared by Scott (1932) In one recrystallization of 
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insulin, crystals have however been obtamed which simulate both these 
forms and yet seem most probably to be no more than habit variants of 
the rhombohedral crystals This particular preparation was earned out 
as follows 

10 mg of needle msuhn were dissolveel mice of N/^ acetic acid and 
treated with 0 4 c c brueme acetate and 02co of 136% [lyndme The 
mam part of the preparation seemed to be precipitated at this stage and 
the flocculent precipitate was therefore isolated by centrifuging and 
removing the supernatant liquid It was then dissolved m N/Xb di- 
sodium hydrogen phosphate and NjQ acetic acid was added to slight tur- 
bidity, as described by Abel On standing m a refrigerator overnight a 
beautiful crop of very small crystals was obtained 

The crystals consisted mainly of a form showing rhombohedral and 
trapezohedral faces almost equally develojied, which gave them at hrst 
sight the appearance of rhombic dodecahedra They have, however, 
positive birefringence and trigonal, certainly not cubic symmetry Amongst 
these crystals there was a small number showuig no rhombohedral faces 
These were bounded by the basal plane and three tra|)e7ohedral faces and 
were partly redissolved, so that accurate measurement was not possible 
Many of them were joined end to end, tajiering inw ards to the join, and they 
then looked very similar to the “dumb bell” crystals pictured by Scott 
These crystals also had positive birefnngence and, as in the case of the 
pseudo-rhombic dodecahedra, from this fact and the tngonal symmetry 
there seems no reason to presume the presence of a different crystal struc- 
ture The crystals were unfortunately too small for an X-ray test which 
would be conclusive And it is of course in any case still possible that both 
Mathews’ cubic and Scott’s “dumb-bell” crystals are different from either 
of these 

The vanation in habit is itself of great interest and worthy of further 
investigation The small number of experiments so far carried out makes it 
impossible to be certain which of the varymg factors pH, phosphate or 
acetate buff’er, or concentration of the rbfferent metaUic ions, is responsible 
for the effects observed The X-ray diffraction effects as described below 
appear to correspond to a fairly large-scale stiucture within the protein 
molecule and it would seem possible to have a certam variation, eg m the 
metal concentration withm the crystals, which might affect the habit 
without altermg the mam crystal structure responsible for X-ray diffrac- 
tion 

The X-ray photographs of the needle crystals do differ in one respect 
from those of the flat rhombohedral crystals All show a very much more 
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marked “amorphous” rmg at 4 6 A, a nng which is hardly visible on the 
photographs of the rhombohedral crystals This nng we have come to 
consider characteristic of amorphous protem and its presence here may 
well be due to external imperfection m the crystals But it may also 
indicate that these crystals contam mcluded amorphous protem, the 
presence of which has itself affected the crystal habit Of course the 
occurrence of “amorphous” protein would most probably depend on one 
or other of the factors mentioned above, pH, metal concentration, different 
salts present and so on 

Certain other properties of the rhombohedral insuhn crystals lend some 
support to these conclusions Optically, as mentioned above, the crystals 
are uniaxial, the sign of the birefrmgence positive The refractive indices 
of the needle crystals were estimated by the oil-immersion method as e 
slightly < 1 637 and w slightly > 1 631 An mdependent direct measure 
of the birefringence gave values between 0 004 and 0 008, most probably 
about 0 007, but exact measurement was difficult, owing to the irregular 
shape of the crystals On the large rhombohedra, w appeared much more 
nearly equal to 1 537, and it seems probable that this is a real difference 
and further indication that the needle crystals are less perfect than the 
rhombohedra 

As Abel and others (1927) originally showed, the air-dned rhombohedral 
crystals contain water of crystallization which they lose when dned over 100° 
m a vacuum The vacuum-dned crystals are very hygroscopic and rapidly 
regain moisture on exposure to the air, increasing nearly but not qmte to 
their original weight They then show unimpaired birefrmgence and give 
sharp X-ray reflexions identical with those of untreated crystals Check 
analyses of the water content of different samples of insulin are given m 
Table I to compare with the crystal densities As the measurement of the 
density of protem crystals presents certam problems it will be considered 
next m some detail 


The density of insulin crystals 

C S Adair and M E Adair (1936) have recently shown that m the case 
of the crystallme protems edestm, horse serum albumm and sheep and 
horse haemoglobin, the density of the crystals vanes considerably with the 
medium m which they are suspended The protems studied all crystallize 
with a considerable quantity of water of crystalhzation and the vanation 
seems most readily explicable as due to specific changes m the salt con- 
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oentration or proportion of this water The crystallographic estimation 
of the molecular weight of any protein depends upon the crystal density 
and here it is the density of the crystals in air as employed for X-ray work 
that IS required But all methods of density determmation so far available 
for use with small crystals do mvolve their suspension in different liquid 
media and some care must evidently be exercised to choose media which 
have httle or no specific effect on the crystal density In the case of insulin 
it might be hoped that such effects would be at a mimmum owing to the 
very small proportion of water of crystalhzation present 

Two values for the density of crystalline msulin have been already 
recorded The figure given by Dr Eyer of 1 315 (Freudenberg 1932) 
(method not named) is significantly higher than that first found with the 
large rhombohedral crystals used for the X ray measurements, namely 
1 306 ± 0 003 (Crowfoot 1935) The latter value was measured by flotation 
under centrifugal force in aqueous solution containing zinc sulphate and 
zmc chlonde The discrepancy might be due either to a medium effect or, 
as was first thought, to crystallographic imperfections such as inclusions 
in the large crystals which might have given an apparently too low density 
for these crystals 

A more comprehensive test was therefore earned out using three different 
samples of crystallme insulin the preparations of needle insulm (large 
crystals) and unrecrystallized “rhombohedral ’’ insulm (very small crystals) 
desenbed above, and thirdly the large “rhombohedral” crystals used for 
the X-ray work 

Four sets of solutions were prepared, each consisting of one liquid of 
density greater than that of the crystals and one of less In outline the 
method employed has been already desenbed (Bernal and Crowfoot 1934 ^) 
and differs slightly m procedure from that used by Adan and Adair, smee 
rather small quantities only of insulm were available The measurements 
were generally begun by suspondmg the crystals in a mixture of density 
about 1 316 m a small glass tube, the suspension then being centnfuged 
for from 5-16 mmutes The low-density solution was then added drop by 
drop and the rise or fall of the crystals under centrifugal force observed 
after each addition The density of the hquid was measured at the end of 
each centnfuge run by a Westphal balance and sinker and the limits at 
which the crystals just rose or sank m the liquid were recorded When the 
lower limit had been reached, the high density liquid was in turn added 
drop by drop m order to pass twice over the equilibrium value of the 
density With longer centnfuge runs it might have been possible to define 
more closely the hmits, but there seemed to be a certain vanation m the 
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crystal density itself over this range, which made such further precision of 
doubtful value 

The liquids used were as follows of which 2 and 4 were chosen followi|^ 
their use by Adair and Adair 

1 Zmc sulphate m water (/> = 1 36) and distilled water 

2 Sodium dihydrogen phosphate m water [p=\ 367) and distilled water 

3 o-dichloiobenzene (p=1 309), carbon tetrachloride (/o=168) and 
toluene (p = 0 87) 

4 Half saturated ammonium sulphate (p = 1 059) and the same solution 
saturated with sucrose (/5= 1 37) 

The results are recorded m Table I 


Table I 

Density of insulin crystals 

Small 

Large 

Solutions 

Needles 

rhoitobohedra 

rhombohedra 

ZnSO^ H,O,pH6 0 

1 293 ± 0 003 

1 296 ±0 003 

1 300 ±0 003 

NaH,PO« H,0, /iH 4 5 

I 298 ± 0 003 

1 299 ± 0 002 

1 30110 002 

0 dichlorobonzono toluono 
and carbon tetrachlondo 

1 292 ±0 004? 

1 297 ±0 002? 

1 31210 004? 

f sat (NH 4 ),S 04 + sugar 

— 

— 

1 308? 

Water content % 

6 36 

4 93 

— 


Of these the sugar solution proved completely unsatisfactory for the 
present method Adair and Adair record a general rise of observed crystal 
density in sugar solutions and this might be considered to be borne out 
here by the only figures obtained Actually, under the expenmental con- 
ditions, these very concentrated solutions seem to form density columns, 
the crystals lodgmg at different heights m the liqmd but neither com- 
pletely fading nor rismg Such sugar solutions could probably be employed 
with advantage with a set of sinkers of standard densities but are other- 
wise useless 

The mixture of orgamc liquids was used as some control on the results 
obtamed m aqueous solutions Observed under the microscope the crystals 
seemed to remain untouched and birefnngent m this immersion medium 
Actually, in bulk, both the needle crystals and small rhombohedral crystals 
appeared as cloudy masses and the limits were very difficult to observe, 
though the results obtained do agree approximately with the densities 
measured m other solutions It is possible that this opacity is caused by 
the presence in these preparations of small amounts of non-crystallme 
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protein The large rhombohedral crystals remained clear, and with these 
definite higher densities were observed than in aqueous solution 

The two salt solutions were chosen as solutions contammg ions commonly 
present during the crystalhzation of msulm, though different m the two 
examples The phosphate solution in particular apjieared to be reliable 
from the results of Adair and Adair The densities found in both agree in 
showing a small general vanation among the different samples, the needle 
crystals having the lowest, and the large rhombohedral crystals the 
highest, density This effect is also observed m the organic liquids and 
bears out the indications from other sources (X-ray work and refractive 
index) that the needle crystals are the least jierfect of the three preparations 
It therefore seems most reasonable to adopt the results on the large rhom- 
bohedral crystals as most reliable, particularly as these were used for the 
X-ray work 

The observed densities of the rhombohedral crystals considered alone 
show defimte vanations with the immersion medium from 1 312 in the 
organic liquids to 1 301 m the salt solutions These differences are con- 
siderably smaller than many of those found with the heavily hydrated 
protein crystals studied by Adair and Adair and suggest that, though 
some specific medium effect is present, it is relatively unimportant This 
idea receives some support from the absence of correlation between crystal 
size and density among the different msulm preparations studied In the 
circumstances it is obviously impossible to assign a “true” value to the 
crystal density, but it is very improbable that any error is introduced by 
adopting a density of 1 298-1 316 for the purposes of molecular weight 
determmation Crystallographic practice would prefer the higher density 
as most hkely to be correct 

The X-ray meashrfments 

The first X-ray photographs of msuhn were taken at Oxford using 
throughout copper radiation from a Phihps’ Metalhx research X-ray tube 
These were given exposure times of 15 hr for each oscillation of 6", 
with a plate to crystal distance of 6 era Four different crystals were used, 
one rotatmg about the normal to (lOTo), one about the normal to (1120) 
and two about the trigonal axis The rhombohedral character of the 
symmetry was first tested by single oscillation photographs about these 
three axes and by oscillation photographs taken at 6^)° and 120° to each 
other about the trigonal axis The required relations were found to hold 
without exception, namely (using hexagonal indices) hikl is absent if 
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h — k+l is not divuuble by three and the symmetry relation JuklmilTil 
Using this last identity, a record of the mtensities of planes of all the 
different possible types of indices was obtained by a set of 6° oscillation 
photographs covering 60° of the total rotation about the trigonal axis 
This gave m all but a few cases two readings for the mtensity of each 
mdex type 

Through the kmdness of Dr Muller, a second set of X-ray photographs 
of insulm were later taken with the very much more powerful 6 kW tube 
at the Davy-Faraday laboratory The best photographs were obtained with 
chromium radiation at a voltage of 28 kV, tube current 160 mA and tube 
filament 8 amp at 12 V The X-ray tube had a hthium window A fine slit 
system nearly 6 cm long was employed and the very powerful X-ray beam 
shielded from the plate by a stop designed by Dr Muller consisting of a 
lead block 1 mm across at the end of a cylmdncal tobe 6 mm long which 
was suspended 2 cm from the crystal Under ilMMe conditions it was 
possible to out dowm enormously the exposure times required to obtam 
diffraction effects The photographs were taken of a smgle crystal rotatmg 
about the normal to (lOTO) For more accurate measurement of the cell 
dimensions, two 8}mimetncal photographs were taken, one wuth the beam 
from 10° to parallel to the trigonal axis and one at nght angles to this 
For these, the plate to crystal distance was 6 cm To give further readings 
of the mtensities of the X-ray reflexions, a set of 16° oscillation photo- 
graphs at a plate distance of 4 cm was then made, each havmg only | hr 
exposure The photograph reproduced (PI 9(c)), covenng the oscillation 
with the beam 0-10° from parallel to (1210), was, however, given 2 hr 
and records on a smgle plate all planes of the type AtJko which were 
observed 

Of the needle crystals of insuhn, three X-ray photographs only were 
taken of two different crystals In both cases these were 5° oscillations 
about the normal to (lOTO) with the beam direction at the start either 
parallel or perpendicular to (1210) These were taken at Oxford wnth 
copper radiation One photograph was taken of a rhombohedral crystal 
which had been dried and then allowed to regam water from the air This 
was also a 6° oscillation about the normal to (lOTO), beam direction 
perpendicular to (l5l0) 

ThB UBIT OBLL DIHBK810ITS AKD MOLEOITLAB WBIOHT OF rKSUmir 

From the more accurate photographs taken at the Davy-Faraday 
laboratory the umt cell dimensions of insulm were recalculated For the 
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hexagonal cell, a » 74 8 A.c - 80*9 A, for theriiombohedxalumt,a =» 44-4A, 
a — 114*48' correct to about 0-5%. ^£))0re *re no systematic series of 
absent refle^ons, but those required by* tiie rhombohedral symmetry and, 
as the photogrAph reproduced illustrates, nq planes of symmetry The 
space group is thus B3 

The cell molecular weight calculated firom the above figures and a density 
of 1 312 IS 39,700 It may be as high as 40,800 or less probably as low as 
38,700 The actual molecular weight of protem m the cell depends on the 
water of crystallization present Abel’s original measurements on diymg 
the crystals at 104° under reduced pressure gave an average value of 
5 35 %, and this is borne out by estimations on certain of the crystals used 
(p 588) This protem molecular weight may therefore be calculated as 
37,600 (limits 38,900, 36,000) 

It 18 clear from these measurements that the crystal uiut cell of insulm 
contains one "molecule” on the Svedberg scale, but it is mteresting to 
compare the figures obtained above more exactly with those found by the 
ultracentnfuge method The first determination by Svedberg and Sjogren 
(Svedberg 1931 , Sjogren and Svedberg 1931) gave 35,100 as the molecular 
weight of insulm, but it is probable that here, as m most of the earher 
experiments with the ultracentnfuge, true sedimentation equihbrmm was 
not obtamed A later re-estimation (unpublished work by A G Poison 
(Svedberg 1937 6) gives a value of 40,900, which is somewhat higher than 
the calculated weight of protem in the crystal unit cell of insulm, 37,600 
It IS doubtful whether this difference between the X-ray and ultracentn- 
fuge results IS outside the limits of the expenmental error of both senes of 
measurements, and the same may probably be said with reference to the 
shape of the “molecule”, which is sphencal accordmg to Svedberg’s deter- 
mmation, while the umt cell is a markedly oblate spheroid It may be that 
this last deviation is due to further hydration of the protem m solution, 
smce it IS already partly hydrated m the crystal (cf the calculation by 
Adair and Adair on haemoglobin) Such hydration would also alter the 
density of the moving particle which is introduced m Svedberg's equations, 
but this should not necessarily affect the deduction of the actual protem 
molecular weight The corrections to be apphed m such a molecular weight 
measurement either for a change of density or for the non-sphencal nature 
of the fallmg particle seem deflmtely smaller than the present expenmental 
error 

It should be pointed out that while the mass of protein in the umt cell 
is eqmvalent to that of one Svedberg unit, the X-ray data do not actually 
supply any evidence that this mass constitutes a smgle molecule m the 
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crystal The same relation to the Svedberg unit would be obtamed by the 
presence m the crystal umt of 3» chemical molecules which subsequently 
combmed m solution to form a smgle aggregate 


The intensities of the X-ray reflexions 

The relative mtensities of the X-ray reflexions were estimated by eye 
and assigned values on an arbitrary numerical scale The scale mtervals 
were checked by comparisons between the a and /? reflexions from different 
planes and also against a plate on which one X-ray spot had been exjxised 
for different measured lengths of time These estimated mtensities were 
corrected by the Lorentr and polarization factors and also, when not 
occumng on the equatonal hne, according to the relation found by Cox 
and Shaw (1930), in order to give a set of numerical readmgs for each plane, 
F'^ proportional to Both the set of photographs — oscillations about 
perpendicular to (lOTO) — taken at the Davy-Faraday laboratory and the 
oscillation photographs about [0001] taken at Oxford were used m pre- 
paration of the values Anally adopted In the first case comparison between 
different plates was made mamly by assuming equal exposure, generally 
checked by overlapping spectra In the second case many of the exposures 
were obviously of different value and here the oompanson was based mainly 
on the occurrence on every film of some reflexion of the type hxko As all 
h%ko reflexions occurred together on another plate their mterrelation was 
easily found In all but two cases of weak reflexions (missed in one senes 
or the other through a small degree of missetting) there were at least two 
occurrences of every mdex type and generally more Good agreement was 
found between the different values of F'* assigned to the same reflexion 
occumng on different photographs and also on different layer lines of the 
same photograph The last, particularly, is some evidence that the relative 
scale of mtensities is fairly correct The values finally adopted are listed 
m Table II 


Patterson-Harker analysis of insulin 

The set of mtensities of X-ray reflexions from insuhn recorded above 
have certain oharactenstics which must be taken mto account m their 
analysis In the first place they are a very limited senes — only 69 terms 
m all No reflexions have been observed from planes with a spacing smaller 
than 7 06 A, and at this distance the mtensity is extremely weak There 
seems to be a definite termmation of the senes m this region There should 
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therefore, for syntheses formed with these terms, be none of the errors 
ordmanly mtroduced by arbitrarily cuttmg short the senes On the other 
hand it is impossible to expect to obtain information from this set of 
intensities about the most intimate structure of insulm — actual distances 
between neighbounng atoms The X-ray reflexions observed must corre- 
spond to distances between scattenng masses of a fairly large-scale 
structure withm the molecule 

Table II — Relative intensities op X-hay reflexions from insulin 


F'* valuoB (pro])ortional to F*) 

Indices F'* Indices F'* Indices F'* Indices F'* 
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19 

1012 

3 

7342 

7 

6080 

7 

2l3l 

4 

2022 

6 

4372 

4 

ll20 

10 

4131 

12 

4012 
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22 i0 

8 

3111 

4 

6082 

4 

6382 

_ 

3380 

8 

6181 

3 

7072 
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4480 

0 
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4 

3122 

11 
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12 

7181 

11 

2132 

9 

0003 
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4132 

3 
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3 
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ll 

6231 

3 

3ll2 

30 

3033 

1 

6270 

12 

3281 

4 

6182 

9 

22l3 

4 

8170 

22 

6211 

6 

6182 

4 

6143 

3 

7180 

6 

4281 

26 

7182 

4 

6113 

2 

9380 

3 

8281 

8 

6172 

2 

4183 

— 

0390 

t- 

6281 

3 

5232 

3 

4183 

3 
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3282 

6 
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36 

7291 

— 

6212 
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2021 

3 

7341 

6 

4282 
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7 
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6 
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4 

8381 

7 
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— 



7071 

10 
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2 

9272 
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To obtam a picture of all the information that can be denved, without 
any workmg hypotheses directly from these X-ray reflexions, a senes of 
Patterson-Founer S 3 aithese 8 was prepared usmg the arbitrary F’* values 
recorded above as coefficients of the terms In these two-dimensional 
di6tgrams the distances of the vanous peaks from the origin measure in 
length and direction prominent mteratomic distances in the structure The 
first diagram, fig 1, was formed usmg only the intensities of the htko 
reflexions This gives a projection of the whole Patterson structure on the 
(0001 J^lane Owing to the presence of the rhombohedral lattice the primary 
pattern repeats at f and |, J The peaks at these positions correspond to 
distances between atoms at z = ^ and z = f respectively and have neces- 
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eanly the same value as the ongm peak, which states that every atom is 
at zero distance from itself The remammg diagrams illustrated are 
essentially sections cut through the structure along different lines To form 
these the F'^ values of all (htkl) planes were used, as first descnbed by 



Fio 1 P{xy) for insulin derived from Patterson Fourier 
analysis Contours at 6 units apart 



Fig 2 P(xyo) for insulin derived from Patterson Harker analysis Contours at 60 
uxuts apart, those above 260 being omitted (and similarly m figs 3, 4 and 6) 
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D Harker(i936) The second diagram, fig 2, is a section cut parallel to (0001) 
at the level z = 0 m the Patterson structure and is obtained by the relation 
P{zyo) = co8(Aa: + ky) (Z, j F{hkl) j *) 



Fio 4 Patterson Marker analysis of insulin Section in fig 1 at P 



Fro 5 Patterson Marker analysis of insulin Section m fig 1 at XZ 

Fig 3 IB cut parallel to (0001) at a height z = ^ and the remaming two 
diagrams, figs 4 and 6, are cut perpendicular to the rest along the hnes 
X Y and XZ of projection 1 The summation of the Fourier senes mvolved 
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was earned out by the method of Beevera and Lipson (1936a, 6) usmg the 
stnps supplied by them As it was evident from the number of terms in- 
volved that no very fine structure could be found, the points m the pro- 
jections were calculated at intervals of (c 2 6 A) and ^ (2 A) The 
contour Unes are drawn at intervals of 60 units m projection 1 and 600 
units m the remaining projections, those in negative regions bemg dotted 
As in most cases the slopes mvolved are very gradual, the choice of the 
exact areas bounded by the contour lines is somewhat arbitrary and these 
should not be given a too rigid mterpretation 

Between them these five diagrams present a fairly complete survey of 
what may be called — as above— the Patterson structure of insulin O wmg to 
the rhombohedral symmetry, the diagrams, figs 2 and 3, sections cut parallel 
to (0001) at 0 and actually supply sections of the structure in this direc- 
tion at intervals of 2 = J, the distnbution at the point |, in fig 2, being, 
for example, the same as that at 0 at a height of 2 = and so on Some 
check on the mterrehability of the intensity data can be obtamed by 
addition of the density values derived from points on these two projections 
2 and 3 at 2 intervals of J and then companng the picture formed with 
projection 1 , since projection 1 is derived from only htko reflexions and the 
others from all htkl reflexions The agreement is fairly good, and even 
better over the lines AB and AC, where density values have been calculated 
at intervals of 2 = •j’j 

The peak structure shown by the five projections seems comparatively 
simple There are two mam senes of peaks (A and B), one at a distance of 
10 A from the ongm parallel to (0001) and the other at about 22 A mea- 
sured similarly These peaks have considerable extension at nght angles 
to (0001), the main intensity maxima appeanng some distance above and 
below the height 2 = 0 There is further a marked peak at a: = 0, y = 0, 
2 = 06 (D), and a considerably weaker senes, of which defining co-ordmates 
may be given as x = 0 29, y = 0 1 9, 2 = 0 (C) Owing to the poor resolution 
and overlapping it is impossible to pretend to any accuracy m assigmng 
positions to the different peaks, and it seems probable that to a large 
degree their irregular outhnes are due to their composite character and 
should be taken into account in their mterpretation Approximately, 
however, the co-ordmates of the mam peaks may be recorded as m Table 
III, which gives one selection of peaks which by repetition acoordmg to 
rhombohedral symmetry would produce the whole Patterson structure 
It IS of course possible that some other selection might be made which 
would throw more light on the real molecular structure 

In order to pass from the Patterson structure to the molecular structure 
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it 18 necessary to reduce the peak system shown in the Patterson diagrams 
to its simplest terms Certam mteratomic distances which appear must be 
derived from others in real space The patterns found are comparable m 
simplicity with those obtained m molecular structures of quite small 
dimensions, e g those of pentaerythntol (Llewellyn, Cox and Goodwm 
1937), where the peaks represent distances between single atoms At hrst 
sight they suggest that here we might be deahng with masses about 10 A, 
across which simulate the properties of single atoms in simpler structures 
But even assuming the presence of such masses it has not so far proved 
possible to offer a derivation of the Patterson diagrams in terms of an 
actual molecular arrangement And the problem may, of course, be much 
more complicated, each peak being the result of a comparatively small 
proportion of scattered interatomic distances Some measure of the 
absolute value of the intensities of the X-ray reflexions, which will next 
be undertaken, may offer an easier approach to a solution 

Table III — Approximate co-ordinates of peaks in Patterson series 

* y z dm A 

A 0 147 0 027 0 12 10 6 

t t 

0 96 

0 127 0 113 ols 12^5 

B 0 313 0 047 0I7 22 6 

t t 

0 21 7 

1 1 

0 30 0 047 0 33 24 0 

C 0 29 0 19 0 19 6 

D 0 0 0 6 16 0 

General conclusions the Patterson analysis of 
insulin and protein structure 

Even without the derivation of a molecular structure for insulm from the 
Patterson analysis, certam conclusions relevant to the mam problem of 
protein structure may be drawn The first question raised at the beginning 
of this paper was that of a check on existing theoretical speculations It 
must be said that the patterns calculated do not appear to have any 
direct relation either to the cyclol or to the various chain structures put 
forwKrd for the globular proteins From the cyclol structure (Wnnch 
1937 6) one would expect many more jieaks in the Patterson synthesis than 
do EUstuaUy occur For example, besides peaks at about 10 A parallel to 



D Crowfoot 


(0001) there should also be peaks at 6 and 16 A It is less easy to control 
the folded-chain hypotheses, as for these no exact models have yet been 
calculated, but m outhne the picture does not suggest a cham structure 
There is no indication in the diag;rams of layers parallel to (0001) as some 
theones would require, and the idea of a spiral cham which has otherwise 
some attraction does not, at least m its general form, account for the 
defimte distribution of 10 and 20 A mteratomic distances m separate 
peaks It 18 naturally difficult to rely on these conclusions without still 
more exact theones mvolvmg the actual positions of the different ammo- 
acid residues m the protem molecule But the general lack of positive 
agreement remains evident 

Perhaps the most unexpected information denved from the prebmmary 
data on msulm was, as mentioned above, that the umt of weight about 
39,000 had apparently tngonal symmetry This may be considered to 
receive some support from the chemical analyses of several protems by 
M Bergmann and C Niemann (1937), who find that the ammo-acid 
residues constantly recur in multiples of three The most natural explanation 
of tngonal symmetry is that the Svedberg unit is actually an aggregate of 
3» chemical molecules It is a pnort less likely that a molecule of such 
magnitude should possess real tngonal symmetry, though it should perhaps 
be pointed out that this is actually developed by the cyclol theory It is, 
however, doubtful whether the facts justify pushing this argument further 
The new expenmental evidence is still unable to exclude the possibihty 
that the tngonal symmetry shown by the crystal and the diffraction effects 
18 due to statistical twuming and hence is not a property of the Svedberg 
“molecule” itself And even apart from this reservation, the present 
exammation shows that a somewhat less ngid mterpretation of the facts 
18 possible It still seems necessary to postulate an approximately tngonal 
distnbution of masses withm the Svedberg umt, but this distnbution need 
not extend to atomic dimensions Irregulanties of the order of 1 or 2 A 
would plainly not be mdicated by the observed diffraction effects It was 
hoped that more powerful X-ray apparatus would reveal a finer structure, 
but such if present did not appear on the exposures taken with the Davy- 
Faraday 6 kW tube And it is at least plausible that the very defimte 
cuttmg short of the senes of reflexions at spacings from 8-7 A is a positive 
mdication that there are irregulanties withm the structure below this 
limit (see below) 

The most interesting fact that has emerged from the Patterson analysis 
18 the very definite distnbution m space of groups of mteratonuc distances 
above this hmit of 7 A, particularly those of approximately 10-12 A and 
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22 A The appearance of these sets of distances immediately relates the 
mtemal structure we are examimng m insulin with the diffraction effects 
previously observed m other proteins, both fibrous and crystallme We 
may connect these 10-11 A and 22 A distances with the spacings com- 
monly observed m denatured protein crystals such as pepsm and edestin 
(Astbury 1934) and even proteins such as gelatm (Gerngross, Herrmann 
and Abitz 1930) The 10-11 A distance then appears identical with Ast- 
bury ’s “side chain” spacing m keratm or myosm And this is supported by 
a stnkmg relationship between these X-ray results for insulm and those 
on excelsm According to the preliminary measurements of Astbury, 
Dickmson and Bailey (1935), excelsm crystallizes m a rhombohedral 
structure with one molecule m the unit cell, not unlike that of insuhn, 
though the scale is much greater The crystals of excelsm examined had, 
however, been kept for some time, which resulted m partial degeneration, 
and the diffraction patterns obtained showed, besides true crystal X-ray 
reflexions, an oriented fibre pattern With the X-ray beam perpendicular 
to the basal plane this took the form of six blurred sickles with spacmgs 
of 1 1 4 A around the tngonal axis, while at right angles the fibre reflexion 
had a spacmg of roughly 4 6 A The orientation of the 1 1 4 A spacmg of 
the excelsm fibre pattern parallel to the crystal basal plane is the same as 
that of the 10-11 mteratomic distances m insulm And these consequently 
supply further evidence of the close relationship between the actual mter- 
molecular structures of the fibre and globular proteins It is difficult not 
to connect these spacmgs also with the mtramolecular patterns obtamed 
from the virus proteins From these Bernal and Fankuchen (1937) have 
been led to deduce the presence of submolecules 20 x 20 x 22 A, which are 
agam divided mto nearly identical units of half these dimensions But 
whether these spacmgs of 10 and 20 A, which occur m all these different 
types of proteins, are actually due to distances between chains held apart 
by their side groups, as Astbury advocates, remains still to be proved 
The evidence of the ultracentnfuge measurements, which show a reversible 
dissociation of insuhn outside the pH stability range 4 &-7, may (lerhaps 
be quoted as some support for an alternative hypothesis that they are due 
to defimte massive subdivisions within the protein molecule Whatever 
their explanation, the Patterson analysis of insulm provides a first exact 
description of their vectorial distribution m space 
The identification of these 10 A spacmgs m insulin raises the problem of 
the occurrence of the second generally found protein spacing of 4 6 A The 
crystal diffraction effects observed m insulin which end at 7 A can give no 
mformation as to the origin of the 4 6 A nng found on the powder photo- 
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graphs Yet this nng must be due to the internal structure of the protein 
The mtensity of reflexion at any angle depends upon the product of what 
may be called the atomic and molecular scattenng factors at that angle 
And accordingly with a perfectly ordered protein crystal one might expect 
recurrence of sharp diffraction effects m the region of 4 6 A, which would be 
of particular importance for a study of the most mtimate structure of the 
protem molecule Their absence m msuhn suggests on this reasoning some 
actual disorientation of atoms withm the molecule, rather than mutual 
disonentation of the protem molecules But either effect might be caused 
by the processes involved m the preparation of the crystals and their 
present physical condition And m this case it is reasonable to hope for 
results on other protein crystals which will carry the X-ray analysis deeper 
into the problem of their structure 
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Summary 

X-ray crystallographic measurements show that msuhn crystallizes m the 
rhombohedral system, space group B3 The dimensions of the umt cell are 
a = 44 4 A, a = 114° 48' or, referred to hexagonal axes, o = 74 8, c = 30 9 A 
correct to about 0 6 % The densities of three samples of crystallme msulm 
have been measured m four different immersion media and show small 
variations between values of 1 292 and 1 316 From these and the cell 
dimensions the umt cell molecular weight may be calculated as most 
probably 39,700 (maximum 40,800, minimum 38,700) The crystals contain 
water which they lose when dned at 104° m a vacuum and this has been 
estimated at 6 35 % The molecular weight of protem m the umt cell is 
hence calculated as 37,600 (38,900-36,000), which is of the order of magm- 
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tude though rather less than the molecular weight of insulm found by 
Svedberg There is, however, no crystallographic evidence that this weight 
constitutes a smgle molecule 

The intensities of all the X-ray reflexions that could be observed from air- 
dned single crystals of insulm have been estimated visually and are recorded 
as terms proportional to From these terms a senes of Patterson-Harker 
Founer syntheses has been formed which shows the distribution of the 
mam interatomic distances within the insulm molecule The patterns 
correspond to a fairly large scale structure and as such cannot give informa- 
tion on the placmg of individual atoms or as to whether the tngonal 
symmetry shown is necessarily earned to atomic dimensions The most 
important interatomic distances that appear are at 10 and 22 A roughly 
parallel to the basal plane It is suggested that these are related to the 
characteristic X-ray spacmgs of many protems both globular and fibrous, 
and the virus protems 
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Chemical structure in relation to oestrogenic activity Compounds 
without the phenanthrene nucleus By E C Dodds and W Lawson 
{Communicated by Sir Henry Dale, FR S -Receii'cd 11 December 1937 ) 

The oestrogomo activity of calciferol and chipanodonio acid appearwl to indicate 
that the phenanthrene nucleus was not necessary for oestrogenic activity Thib view 
was substantiated by demonstratmg the potency of various donvatives of aconaph 
thene 

A large munber of other substances, such as carbinols, derivatives of diphenyl 
methane, diphenyl ethane and diphenyl ethylene have been shown to be oestrogenic 
Compounds as simple as p hydroxy propyl benzene and p liydroxy propenyl benzene 
were found to possess full oestrogenic activity The most potent substances, however, 
were found among the diphenyl ethylene derivatives 

The possibihty of the formation of polymondes from p hydroxy propenyl benzene 
was considered 
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Quantitative spectrographic analysis of biological material III. By 

J S Fostbr, F R S , G O Langsteoth and D R McRae (Received 
14 December 1937 ) 

An internal standard method of quantitative apeotrograpluo analysis, as applied in 
the detenrunation of Na and K m glandular secretions, is described The probable 
error in a determination is about 4% 

By adding an appropriate foreign substance to the sample m such quantities that 
the character of the condensed a c spark discharge is determined by this substance, 
it 18 possible to use the same working curve for samples of considerably different 
ooinpoaition 

The sample and internal standard may be separately placed on the electrode by a 
pipette specially designed for accurate delivery of small volumes The volume of a 
sample required for the determmation of both elements is thus reduced to 0 01 o c 
By photographmg the spectrum of the sample with an antimony absorption step 
weakener before the spectrograph sht it is possible to obtam determinations for two 
or more elements from a single exposure 


The secretion of protein material in the parasympathetic submaxillary 
saliva By G 0 Langsteoth, D R McRae and G W Staveaky 
(Communicated by J S Foster, F R S — Received 14 December 1937 ) 

A quantitative study has been made of the variations m composition which occur 
m the submaxillary sahva of the cat when the mtensity of chorda tympam stimula 
tion IS altered The relative concentrations of protem material were determmed from 
the absorption spectrum of the sahva, while Na and K concentrations were determmed 
from the emission spectrum Less extensive analyses for other constituents were 
made chemically 

A mathematical theory of the secretion of protem material has been developed It 
presents the following picture of the secretory processes (1) During stimulation 
some activating substance is liberated withm the gland, (2) this substance sets m 
operation the water secretion mochanism, controls the membrane permeability, and 
sets up a reaction, or cham of reactions, reeultmg m the transformation of granule 
material to a form readily carried out of the gland by the flow of water It leads to 
the following expression for the relative concentrations of protem material m two 
samples (n, t) taken from a series m which the mtensity of the stimulus is varied 


CJC„ 


jfe 18 a constant, D{ represents the concentration of (Na + K) m the ith sample m 
milliequivalents per litre, and B, represents the amount of (Na + K) secreted m the 
rth sample in inilheqmvalents The expression represents the observed results 
remarkably well The theory is also m accord with oertam other observed features of 
the secretory processes 
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The theory of preasure<lonlzatlon and Its applications ByD S Kothari 
(Communtcated by M N Saha, F B8 — Received 14 December 1937 ) 

The mam results which have been obtained from the application of the theory of 
pressure ionization may be summarized as follows 

(i) The theory predicts that the stellar material m the mterior of the white dwarf 
stars should be fully ionized 

(a) It predicts that there camiot be a “cold” body (planet of white dwarf) larger 
in size than Jupiter 

(lu) The theory shows that the two heaviest planets (Jupiter and batum) have 
cores composed of metallic hydrogen The terrestrial planets have cores of much 
heavier metal possibly iron 


C!omparison of wave -functions for HeH+t and HeH+ By C A Coulson 
and W E Duncanson {Communicated by E N da C Andrade, F R S 
— Received 14 December 1937 ) 

As many different ajiproximations as possible have been used m a oompiarative 
study of the wave functions of HeH++ and HoH+ In the latter ion, the molecular 
orbital approximation is found to be much bettor than the electron pair approxi 
matioq Ionic terms and polar terms are included m the final wave function, and 
an expansion in terms of spheroidal co ordmatos is given The lowest value 
obtained for the energy of HeH+ is — 2 936 A, with an mternuclear distance of 
1 446 A = 0 764 A° The dissociation energy certainly lies withm 0 61 and 2 10 V, 
bemg probably about I 6 V The fundamental vibration frequency is 3380 cm-> 


The constitution of heavy water By I Ramakbishna Rao and P Kotb- 
SWABAH {Communicated by 0 W Richardson, F R S — Received I4k December 
1937 ) 

The Raman band of heavy water is found to bo similar to that of ordinary water 
both m diffuseness and extent The variations with temperature m the structure of 
this band are also similar to those of ordmary water These changes are attributed 
to changes m the relative proportions of (D,0), (D»0), and (0*0), molecules which 
are assumed to be m thermal equilibrium By an analysis of the mtensity curves of 
the band, the proportions of the three polymers at different temperatures are 
oaloulated The results are compared with those of water and the pomts of simdanty 
and differences explamed on the basis of their other physical properties 
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The production of y-rays by neutrons By E H S Bubhop, R D Hill 
and A A Townsend {CommunuseUed by T H Laby, F B 8 — Received 
14 December 1937 ) 

Measuromente have been mode of the absorption m boron of those neutrons 
which excite y rays in specunons of cadmium, silver (of two thicknesses), arsemo, 
antimony, loduie and mercury The measurements were oamed out using thermal 
neutrons m the case of cadmium and silver (thm specimen) and non thermal neutrons 
m the case of silver, arsenic, antimony and mercury 

The curves m the latter case were always of the same general type consisting of 
an mitial component rapidly decreasmg with boron absorber thickness superimposed 
on a component varying very slowly with boron thickness It is shown that the 
initial component is to be associated with a nuclear resonance level corresponding 
to very small neutron energy, while the other component is due to neutrons captured 
into resonance levels of greater energy The curves are mterpreted m terms of the 
Bethe Placzek formulation of Bohr’s theory of nuclei 

In the case of silver, absorption measurements m boron have m addition been 
made of those neutrons which excite the y radiations of 22 and 138 sec half period 
The question of whether a nucleus which on neutron capture can emit both and 
y radiation will have the same resonance levels corresponding to both methods of 
reorgamzation is discussed For silver the evidence pomts to the existence of 
separate sets of energy levels for y ray emission and y decay but it is not sufficiently 
conclusive to settle finally this pomt 


The development In vitro of the mammalian gonad Ovary and ovo- 
genesis By P N Martinovitch {Communicated by F H A Marshall, 
F R 8 — Received 16 December 1937 ) 

Ovanes of young and ombryomc rats and mice were successfully cultivated in mtro 
and a progressive differentiation of the germ cells obtamed The tissue was grown by 
the watch glass method, the medium consisting of equal parts of fowl plasma and 
fowl embryo extract In each case, one gonad was fixed as a control, whilst the other 
W£i8 cultivated in mtro 

If the ovaries are oxplanted at the 15th-16th day of embryonic development when 
primitive germ cells are only present and ovogenesis has not yet begun, rapid division 
of the oogonia followed by the typical synaptene stages of meiosis proceed un 
interruptedly m the normal way The diplotene phase of meiosis is succeeded by a 
reetmg stage when the mdividuality of the chromosomes becomes mdistmguishable 
Most of the resting oocytes remam unchanged until the end of the culture period 
(about 1 month), but some enlaige and after about 18 days’ cultivation attain full 
size Thus a pnmitive germ cell may develop m mtro from an oogomum mto a full- 
size ovum In the explants growth of the ovum is not always aocompamed by growth 
of the follicle and an ovum may reach its full size m the complete absence of a foUicle 
New germ cells are not formed tn mtro except by the mitotic division of the original 
oogonia 

The ovaries of older embryos and post embryomo miiTnals also develop readily 
»n Vitro 
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The Influence of wall oscillations, wall rotation, and entry eddies on the 
breakdown of laminar flow in an annular pipe By A Fage (Communt- 
cated by O I Taylor, F RS — Received 16 December 1937 ) 

(1) Scope of work Expenmente have been made to determine the effects of dis 
turbanoes of known character on the laminar flow of water in a long pipe of annular 
cross section The disturbances considered are those due to axial oscillations of the 
inner wall of the pipe, to oscillations of the inner wall about its axis, and to both 
weak and intense entry eddies Experiments on the breakdown due to a imiform 
rotation of the inner wall (outer wall fixed) have also been made 

The breakdown of flow near a plane surface oscillating in a stationary fluid has 
been observed 

Theoretical relations for the flow of a viscous fluid tlirough an annular pipe, under 
the influence of a pressure gradient parallel to the axis, with the inner wall oscillatmg 
axially and the outer wall fixed have been obtaiiieil 

(2) Conditatonfi The frequency of the axial oscillation of the inner wall when 
a departure from laminar flow occurs depends on the axial amplitude of the wall 
and tha viscosity of the fluid, and is independent, within the accuracy of measure 
ment, of the velocity of axial flow The Reynolds number of disturbance, defined 
as the product of the velocity amplitude at the wall anil a length in-jvlnf (where 
/ = frequency) divided by the viscosity, at which a departure from laminar flow occurs 
does not change appreciably over a wide range of amplitude 

The results with the inner wall of the pi(>e oscillatuig about its axis suggest that 
the flow remains lammar up to the critical Reynolds number of disturbance measured 
with the inner wall oscillatmg axially 

Visual observation suggests the presence of rotating bands of fluid with their 
axes parallel to the direction of oscillation at the breakdown 

When the inner wall rotates at a uniform speed (outer wall stationary), the critical 
rotational speed increases with the axial speed of flow, and the critical number for 
no axial flow, predicted by extrapolation of tho curve drawn through the numbers 
meewured with axial flow, is m close agreement with Taylor’s theoretical number 

It IS showm that the early breakdown of lammar flow associated with mtense 
entry disturbances can bo caused by very weak entry disturbances, provided they 
are m the form of discrete eddies 


The formation of mercury molecules 11 By F L Abnot and M B 
MoEwen (Communicated by O W Richardson, FRS — Received 17 
December 1937 ) 


An mvestlgation of the formation of lomzed mercury molecules has been made by 
the balanced space charge method Tho results obtained m this work, together with 
those previously obtamed with a mass spectrograph by Amot and Milligan, show 
that molecular ions are formed by the three processes 

Hg'(2 *Pi) + Hg'(2 •?.) Hgf + e ( I ) 

Hg'(4 ‘Pi) + Hg Hg| +c (2) 

Hg'(fl *P) + Hg -1. HgJ + e (3) 
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Iona formed by each of theae prooeasea have been detected The appearance potentials 
for theae three processes are respectively 4 86 and 9 722 V for (1) and (2) and 9 792, 
9 796, 9 817 V for the triplet process (8) Ions formed by process (1) which requires 
a collision between two excited atoms were detected at a vapour pressure of 0 1 mm 
of Hg at 0“ C Ions formed by processes (2) and (3) which involve a collision between 
one excited atom and a normal atom were detected at pressures of the order of 
0 01 mm 

The ionization potential of the mercury molecule lies between 9 62 + D emd 
9 32 + /), where D is the work of dissociation of the normal molecule Using Wman’s 
value for D the limits are 9 07 and 9 47 V 

Excited atoms m states other than P states do not apparently form ionized 
molecules by attachment even though they have more than sufficient energy to do so 


On the occurrence of helium In beryls By J W J Fay, E GlI^okauf 
and F A Pankth {Communicated by J C Philip, F R 8 — Received 
17 December 1937 ) 

Various spiecimens of old beryllium metal have been analysed for helium As the 
method employed, m spite of its sensitivity, failed to detect any traces of helium it 
must be concluded that the spontaneous production of helium m beryllium is less 
than 1 3 X 10-“ 0 c of hohum per gram beryllium per year 

From this figure it follows that the hehum content of beryls cannot be explamed 
as a consequence of the spontaneous dismtegration of a berylhum isotope of mass 
eight Even the assumption that such a beryllium isotope has been present m 
previous geological periods and now mostly decayed is not compatible with the very 
low limit found for present day helium production 

In recent years the helium content of beryls lias been attributed to the influence 
of y rays from radioactive minerals in the neighbourhood of the beryls, and to cosmic 
radiation From the figures obtamed by meeisurement of the amount of hehum 
produced in beryllium by y rays it follows that the influence of the natural sources 
of y radiation is not nearly sufficient to explam the h^ium content of beryls 

Smee, therefore, berylhum does not produce adequate amounts of hehum, either 
under the mfluenoe of external radiation or as a consequence of spontaneous dis- 
integration, It seems that the hehum content of beryls is not connected with its 
berylhum content at all, but is due to some other chemical element 


Identification and measurement of helium formed in beryllium by y-rays. 

By E GLtrcKAUF and F A Panbth {Communicated by J C Philip, 
F R 8 — Received 17 December 1937 ) 

While it has been known for some tune that the berylhum nucleus, irradiated by 
y rays, emits neutrons, it could not be decided whether the nucleus is thereby trans- 
formed mto a stable isotope of berylhum of mass eight, or mto two hehum atoms 
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By a micro -chemical method helium wan detected m beryllium after irradiation 
by the 7 rays of radon In one of the expenmente the number of neutrons sinul 
taneously emitted during the irradiation was determmed by measurmg the hehum 
produced by these neutrons in methyl borate, a comparison of the two hehum 
quantities showed that the mam final product of the 7 irradiation of beryllium is 
helium and not the boryihum isotope 


The nature of the penetrating component of cosmic rays By P M S 

Blackett, F R S {Received 18 December 1937 ) 

Further measurements of the energy loss of cosmic rays m metal plates have 
confirmed the former result of Blackett and Wilson that nearly all the rays with 
energy less than 2 x 10* e volts are electromc m character For higher energies the 
moan loss is much smaller A reinterpretation of the data for these higher energies 
in the light of the cascade theory of showers has tonfinned the conclusion of Nedder 
meyer and Anderson that there must be some energetic but absorbable rays which 
can be identified with fully radiating electrons But the number of these rays is 
quite small, not more than 1 % of the rays at sea level with energy over 3 x 10* e volts 
being electrons 

Both direct and indirect evidence is foimd which shows that the energetic {lene 
tratmg rays actually become, as thej slow down, the absorbable rays of low energy 
which are indistmguishable from electrons The main requirement of a theory of the 
penetrating component is to explain this striking property The two most obvious 
types of explanation arc as follows The rays can be considered as heavy when 
energetic, but to change their maas suddenly when their energy falls below the 
critical energy Or, the rays are assumtsl to have electronic rest maas, but to be 
distinguished from nonnal olectroas by some now property, which has the effect of 
makmg their energy loss vary with their energy and the nature of the absorber 


Oscillography of adsorption phenomena 3 Rates of deposition of 
oxygen upon tungsten By M C Johnson and A F Henson {Com- 
municated by A M Tyndall, FR S — Received 18 December 1937 ) 

An experiment is devised for investigating the passage of small and reproducible 
quantities of oxygen over a hot tungsten filament whose surface purity can be 
ascertamed by observation of its thormiomo emission immediately before each 
admission of gas The oxygen pressure at the filament is made to rise withm a fraction 
of a second from a high vacuum to a transient value with a flat maximum of I 0 “* to 
10"* mm This enables the rate of primary adsorption to be isolated, and its de 
pendence on gas pressure and on temperature to bo determmed, without the resulting 
monolayer becoming sufficiently dense to allow oxidation and appreciable thinmng 
of the filament The adsorption is traced by photographing the accompanying fall of 
electron emission by moans of the oscillographic techmque desenbed in previous 
papers Withm a range of temperature and pressure such that evaporation is 
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negligible and interaction between adaorbed particles is rare, the uncovered fraction 
of the surface decreases exponentially with tune over a portion of each experiment 
This enables a condensation constant to be obtamed and its temperature dependence 
evaluated The temperature coefficient which is found implies a heat of activation of 
24,000 ± 3000 cal per mol in the vicimty of 2200° abs The bearing on theories of 
activated adsorption is briefly discussed 


The law of error and the combination of observations By H Jeffreys, 
F R S {Received 18 December 1937 ) 

The limitations of the theoretical grounds for the normal law of errors of obser 
vation are discussed, and seven aeries of observations capable of providmg tests of 
the law are examined It is found that the x* test, as usually employed, is not 
sufficiently sensitive to establish departures from the normal law A wider groupmg 
however, reduces the random error of x* enough to show them clearly, though it is 
still leas sensitive than the ratio of the maximum likelihood solution for the departure 
to its standard error It appears that no form of the test is of much use when the 
law to be testeil implies very small expectations m some of the groups 

An approxunation to the method of maximum likelihood for Pearson laws of 
types II euid VII is developed, and extensions to typos I and IV are suggested 
The approximation does not require excessive labour or the retention of a large 
numlier of figures It is foimd that the various senes of data give laws ranging 
from type 11 with index 4 6 to tyjie VII with mdex 4 3, and that the index is closely 
correlated with the degree of correlation of the errors within groups of successive 
observations An extrapolation usmg this correlation suggests that genuinely in 
dependent observations would follow a type VII law with mdex between 3 and 4 
Methods of combining observations derived from such a law and determming their 
uncertamtios are provided It appears that a number of discrepancies m physics 
and astronomy that have been accepted as systematic may turn out to be random, 
smcc vnth such a law large random errors may occur more often than with the normal 
law, if the mean and the mean square deviation are still used as estimates 


The crystalline structure of steel at fracture By H J Gough, F R S and 
W A Wood {Received 20 December 1937 ) 

In a previous investigation, precise methods of X ray diffiaction were employed 
to study the effects on the crystallme structure of normalized mild steel of defor 
mation and fracture under static and fatigue stresses It was estabhshed that 
failure by static and cyclic stressing was characterized by exactly the same kmd of 
progressive deterioration of the original crystab leading to a completely fragmented 
system of crystallites of random orientation In addition to this state, it was con 
sidered that the presence of marked lattice distortion m the crystalhtes was also 
a necessary condition for fracture but direct and mdisputable evidence on this 
aspect could not be obtained under the conditions of the previous experiments The 
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further work now deeonbed was, therefore, undertaken A mild steel mUuUly m a 
heavily cold worked condition has been used, enablmg the process of further de 
formation and fracture to be studied the fatigue method of stressing has been 
employed m view of the umquo advantages offered by it 

While it 18 found that under safe ranges of stress, no measurable change occurs in 
the structure, cycles of an unsafe range produce a progressive effect on the efficiency 
of scattering of the X rays only to be accounted for by the mcidenoe of a heavy 
lattice distortion in the crystallites formmg the fragmented material The establish 
ment of this condition of severe mtemal stress at the fracture stage is the most 
important result of the work In addition, however, mformative work has also been 
done on normaltzed mdd steel usmg an improved X ray technique among other 
results, it is shown that the rate of modification of structure, in a fatigue test, 
decreases as the test proceeds tendmg to the establishment of a stable structural 
condition 


Studies on chromatic behaviour In Crustacea The receptive mechanism 
of tlie background response By H G Smith {Communicated by L 
Hogben, F K S — Received 21 December 1937 ) 

The pigmentary effector system of Ligux consists of melanophores and xantho 
phores separate in some regions and m other regions superimposed so as to form 
complex chromatophoree The melanophores are the chief ogents of visible colour 
change and their response to dluniination is partly direct and partly controlled by 
tlie eyes The primary response is of the type described for decapods and mysids 
by Keeble and Gamble and for vertebrates by Laurens and Hogben Intense illumi 
nation moreases the diffusion of the pigment The secondary or visual response to 
background is also of the type described for Macromysts and vertebrates Overhead 
illummation in a black contamer makes the animal dark, and overhead illummation 
of an animal m a white contamer makes it pale Blinded animals are not so dark os 
seeing animals kept on a black background In darkness they are still more pale 
owmg to ehmmation of the primary response The tune relations of the background 
response show that it is controlled by two hormones The existence of a “super 
normal phase” in the transition from white background equilibrium reinforces this 
oonolusion So also do experiments which show how the supemonnal phase may be 
accentuated or eliminated The effect of varymg (o) the direction of mcident illumma 
tion, (6) limiting the light scattered on to the eye make it possible to distmguish two 
groups of ooelh One (dorsal) is accessible to direct overhead illummation and is 
responsible for mitiatmg the discharge of the hormone which evokes melanophore 
expansion The other (latero ventral) picks up light scattered from the immediate 
surroundings and is responsible for imtiating the discharge of the hormone which 
evokes melanophore contraction The effects of pamtmg the whole eye, the ooelh of 
the upper half only, or the ooelh of the lower half alone, directly confirm this con 
olusiofi The blue end of the spectrum is most effective for evoking the visual or 
secondary response 
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On the chromatic behaviour of elasmobranchs By H Wabikg {Com- 
municated by L Hogben, F R S — Received 21 December 1937 ) 

With few exceptions, all Elasmobranohs so far investigated pale on a white hack 
ground and darken on a black one These changes are brought about by the con 
traction and expansion of dermal and epidermal meianophores The expanded con 
dition is due to a blood circulated hormone B produced by the neuro intermediate 
lobe of the pituitary Parker and his associates behove that pallor is brought about 
by the stimulation of melanophono nerves The present paper describes two classes 
of experiments which show that the anterior lobe produces a hormone which anta- 
gonizes the B substance produced by the neuro mtermediate lobe These are 
(o) effects of removal of the anterior lobe, (b) differential tolerance to B containing 
extracts of normal animals, animals from which the whole gland has been removed, 
animals deprived of the neuro mtermediate lobe alone Reasons are advanced for 
believmg that the class of experiments upon which Parker’s mterpretation is based 
IS mcapable of yielding imequivocal evidence in favour of it 


On the neutrino theory of light By M H L Pbyce {Communicated by 
PAM Dirac, FR S — Received 21 December 1937 ) 

This paper brings to light a grave diliioulty for the neutrino theory of light 
Startmg from assumptions about the neutrino sufficiently general to mclude the 
models which have been studied by Jordan Kromg and others (with the exception of 
Soherzer’s attempt, which is not strictly a neutrmo theory), and working with the 
amphtudes of the second quantization as the most suitable mathematical apparatus, 
one sets up the most general theory consistent with Jordan’s hypothesis The con 
ditions imder which this will lead to a satisfactory theory of light are ( 1 ) that certam 
commutation rules be satisfied, (2) that the theory be mvariant under a change of 
CO ordmate system In order to study the second of these it has been necessary to 
analyse rather carefully the transformation of the amphtudes under certain types of 
rotation and this reveals an arbitrarmess m the choice of certam phases A con 
dition for the mvariance of the theory is that the results be mdependent of the way 
m which these phases are chosen 

From this pomt onward a straightforward analysis leads to the result that the 
conditions cannot be satisfied simultaneously The mvanance requires that the 
neutrmo which interacts with the atom should reverse its spm, a result which could 
also be derived from considerations of the conservation of angular momentum, and 
an essentially simple though rather tedious calculation shows this to be mcon 
sistent with the commutation rules 

The mtroduotion gives an account of the aims of the neutrino theory of hght, the 
problems which it meets and the attempts that have been made to solve them 
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The absorption spectrum of sulphur dioxide and carbon dioxide In the 
vacuum ultraviolet By W C Price and D M Simpson {Communicated 
by 0 W Richardson, FR 8 — Received 23 December 1937 ) 

The absorption spectra of sulphur dioxide and carbon disulphide have been m 
veetigated by means of a vacuum spectrograph down to 1000 A For both molecules 
the systems of bands can be divided mto two classes (1) those which exhibit wide 
vibrational structure, (2) those which exhibit little or no vibrational structure The 
former class probably correspond to transitions to anti bonding molecular orbitals, 
while the latter are due to the transitions of comparatively non bondmg electrons 
to excited orbitals, which are mainly atomic m character In the case of sulphur 
dioxide, the extrapolation of the bands of class (2) to their limit gives a value of 
12 05 ± 0 06 V for the lomzation potential of the molecule A similar procedure for 
carbon disulphide yields the much more accurate values 10 083 and 10 027 V for 
lomzation to the two components of the doublet state */7, of CSf (Ji' = 436 cm ~*) 
The experimental evidence mdicates that while carbon disulphide is slightly bent 
in the earlier stages of the excitation, it finally returns to a linear configuration m 
eSf A vibrational analysis of the bands of class ( 1 ) is also given, and some general 
features of the electromc spectra of polyatomic molecules are discussed 


Significance tests when several degrees of freedom arise simultaneously 

By H Jeffreys, F R S {Received 29 December 1937 ) 

Tests are provided for the significance of an estimated departure from a uniform 
distribution of chance, and of the coefficients of new functions mtroduced into an 
empincal law designed to fit a series of measures , m each case where several degrees 
of freedom may bo expected to arise together if one of them does A teat is also 
given for the independence of errors of observation when tho moans of groups of 
consecutive observations ore compared with the standard deviation of tho entire 
set Apphcations are made to the secular perturbations of the inner |Jlanet8 and to 
Pearson’s data for errors of observation 


Vacuum wavelength measurements in the iron spectrum by means of the 
reflexion echelon grating By W E Williams and A Middleton {Com- 
municated by 0 W Richardson, F R S — Received 29 Decembei 1937 ) 

The vacuum wave lengths of forty seven iron Imes have beon determmed directly 
against the red cadmium standard by means of a new method employing a refioxion 
echelon in vacuum so that no corrections for the refractive mdex of normal air 
need be made By naing a Sohhler type hollow cathode source, much narrower Imcs 
ore obtamed than is possible with an iron arc and the concordance of mdependent 
determinations justify the values being given to eight significant figures The work 
18 being extended further to the ultra violet 
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The forces on a cylinder, or flat plate, submerged In a uniform stream 

By T H Havblock, F R S (Received 29 December 1937 ) 

General expressions are obtained for the resistance, lift and moment for a cylmder 
submerged m a uniform stream, mcludmg circulation, the analysis bemg em extension 
of that used in a previous paper on the circular cylmder Application is made to the 
elliptic cylmder, the solution mvolvmg an mtegral equation which may be solved by 
successive substitution to any required degree of approximation 

Special consideration is given to the flat plate, which is treated as the limiting 
case of an elliptic cylmder, expansions are obtained for the resistance, lift and 
moment, and graphs of the two latter quantities are given 

The general expressions include, as special oases when gravity is neglected, the 
problem of a flat plate m a uniform stream bounded by a tree surface or by a plane 
wall , these cases are exammed with reference to the interference of the surface of the 
sea or of the ground upon the lift and moment of an aerofoil 


Collective electron ferromagnetism By E C Stonfb (Communicated hy 
O W Richardson, FR 8 — Received 29 December 1937 ) 

General equations are obtained, using Fermi Dirac statistics, for the magnetic 
moment, M, of a number, N, of elections in an unfilled energy band, for which the 
interchange interaction effects give rise to a tenn m the energy expression pro 
portional to the square of the magnetization Tho relative magnetization, =:MINfi), 
13 expressible as an imphcit function of the reduced field, fiHe^, temperature, AT/So , 
and mteraction energy coefficient, kd'je^, where e, is the Fenni energy without 
mteraction Particular limits correspond to equations for electron spin para 
magnetism, and to the Weiss Heisenberg “classical” equations for ferro and para 
magnetism 

The equations are solved numerically, usmg tables of Femu Dirac functions 
(McDougall and Stoner), in such a way as to give kTjt^ as a function of ^ for a range 
of values of kd'je^ The results are shown m a series of tables and diagrams 

The character of the depiendenoe of f on kT/e^, or on T/fl, depends on the ratio 
kff'/e^ A necessary condition for ferromagnetism is k0'/e^>i, while for kd’le^<2~i 
( = 0 793701), the relative magnetization at absolute zero, is lees than umty For 
small values of the magnetization temperature curve is closely represented by 

but tho curve does not change monotonioally to the classical form as kd'je^ mcreases 
Senes expansions appropriate for particular ranges are given for kO'je^ M a 
function of kO/CQ, and of kT/e^ end and expressions are derived for the vanation 
of the magnetization near the Curie pomt and at low temperatures 

A full discussion of the expenmental results is deferred, but it is shown that the 
lack of agreement between the values deduced for the saturation moment from the 
paramagnetism above the Cune pomt and from the low temperature meignetization 
receives an immediate mterpretation 
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A new ba«is for cosmology By P A M Dirac, P R S (Received 29 
December 1937 ) 

It w proposed that all the very large dunenaionless numbers which can be con 
etruoted from the important natiu-al constants of cosmology and atomic theory are 
connected by simple mathematical relations involving coefficients of the order of 
magnitude umty The mam consequences of this assumption are mvestigated and it 
IS found that a satisfactory theory of cosmology can be built up from it 


The polarization of a calomel electrode By Lord Rothschild (Com 
municated by J Gray, F R8 — Received 30 December 1937 ) 

The maximum current density which on anodic calomel electnxlo will sustain over 
recisonablo periods of time (6 hr ) without polarization is 15 amp -* cm 


Cytochrome oxidase By D Kbilin, F R S and E F Habtrbe (Received 
30 December 1937 ) 

1 The addition of 10“* to 10“* M cytochrome c to heart muscle oxidase pre 
paration greatly mcreasea the rate of catalytic oxidation of a munber of diammea 
and polyphenols such asp pbenylenediamme, p aminophonol, hydroqmnone, adrena 
hne, catechol, etc 

2 All those compounds readily reduce a solution of oxidi/ed cytochrome c 

3 The rate of oxidation of these compounds by oxidaso preparation may morease, 
on addition of cytochrome c, up to 30-40 times 

4 The much slower oxidation of these compounds without addition of-oytochromo 
c 18 due to cytochrome edready present m the oxidase preparation 

6 The oxidation of all those compounds therefore is not catalysed directly by 
mdophenol oxidase but through co operation with cytochrome In other words, the 
mdophenol reaction of cells and their extracts takes place through cytochrome 

6 The only catalytic property which can be deflmtely ascribed to the muscle 
oxidase (known as mdophenol oxidase) is the oxidation of reduced cytochrome The 
correct name for this enzyme should, therefore, be cytocfirome oxidase 

7 The explanations as to the nature, distribution and catalytic activity of this 
enzyme proposed by Remesow, Bigwood, Harrison and bhibata with his co workers, 
are discussed and shown to be mcorrect 

8 There is no necessity to assume the existence in the respuatory system of the 
cell of a component undergoing reversible “oxygenation” as was proposed by 
Shibate and his co workers 
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Relation between the uterus and the ovaries In the pregnant hamster. 

ByM Klein (Communicated by A S Parkes,FR8 — Received Z January 
1938) 

1 Experiments on the physiology of pregnancy have been earned out on the 
golden hamster 

2 Complete ovariectomy performed between the Sth and the 13th day results 
m the termination of pregnancy 

3 The injection of progesterone alone failed to maintain pregnancy and the typical 
vaginal mucification m hamsters ovariectomized about the 10th day after mating 
The simultaneous mjoction of progesterone and oestrone did, however, mamtam 
pregnancy and vaginal mucification m ovariectomized females, and m several cases 
we have obtained parturition at term with living litters These results suggest that, 
m the hamster, progesterone and oestrone may exercise endoccme control of preg 
nancy 

4 Complete removal of the pregnant uterus between the Sth and the 13th day 
causes the premature and rapid regression of the corpora lutea of pregnancy, and the 
oveuian cycle restarts When the foetuses only are removed, by caesarian section, 
and the placentae remam inserted, the corpora lutea of pregnancy are mamtamed 
and inhibition of the ovarian cycle continues 

5 These results agree with and complete our previous experiments on the rabbit 
6md the rat They show that there is a close correlation between the pregnant uterus 
and the ovaries, though we cannot yet postulate a satisfactory mterpretation of the 
moclianism of the connexion 

Progressive lightning V A comparison of photographic and electrical 
studies of the discharge process By B F J Schokxand, D B Hodges 
and H Collens (Communicated by Sir Charles Boys, F R S — Received 
6 January 1938 ) 

A detailed comparison is made of the results of Boys’ camera observations of the 
lummosity changes during the lightning discharge and of observations with a 
cathode ray oscillograph of the electric field In certain oases these observations were 
simultaneous 

The polarity of the discharges to ground was found to be negative m all cases 
exaimnod 

Tlie results confirm and extend thd identifications of the electric field changes 
made by Appleton and Chapman Duniig a ground stroke these begin with the 
slow lowering along the leader channel of about 60 % of the cloud charge tapped, and 
are followed by the sudden removal of this leader charge to ground by the return 
Streauner and by the slower passage of the remamder of the cloud charge to ground 

The more important transient mduotion and radiation efiFects are associated with 
the stepped leader to first strokes and with the start of the return streamer 

Smoe the return streamer is absent m most discharges within the cloud it is 
sugg^ted that discharges to ground are the chief cause of atmospherics from distant 
thunderclouds 
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A suggestlcm for unifying quantum theory and relativity By M Bohn 
(Communicated by E T Whittaker, F B 8 — Received 6 January 1938 ) 

The fact that the fundamental laws of quantum meohanios are symmetrical m 
space time x* and momentum energy p* can be generalized to a “prmciple of 
reciprocity” according to which the x space and the p spiace are subject to geometrical 
laws of the same structure, namely a Riemannian metric In analogy with Einstein’s 
closed X world one has to assume that energetically closed systems (as elementary 
particles, nuclei) must bo described by help of a hypersphencal p space A con 
sequence of this assumption is a modification of the formula for the number of 
quantum states m an element of the p space The apphcation of this formula to 
quantum electrodynamics leads to a finite zero energy of the vacuum, a finite self 
energy of the electron, etc Deviations from Planck’s law and the Stephan Boltz 
mann law of radiation, and the caloric properties of gases are predicted for very 
high temperatures 


X-ray studies of the structure of hair, wool and related fibres IV The 
molecular structure and elastic properties of the biological cells By 

H J Woods (Communicated by Sir William Bragg, 0 M , PR 8 — 
Received 6 January 1938 ) 

From a study of the cells isolated from various tyjies of animal hair it is concluded 
that they contam crystaUme keratm, and when the cells are long, tissues can be 
built up to give X ray photographs closely comparable with those of the fibres 
Cells obtamed by rotting fibres previously set m steam are found to be stretched 
correspondingly, although their measured lengths after rettmg are somewhat shorter 
than would be expected This lag is associated more with the early stages of extension, 
indicating that the elastic phase extends mside the cells, as well as between them 
The X ray photograph of elongated cells from fibres set at high extensions is the 
ordinary one of keratm The elongated cells only recover partially when they are 
boiled m water, and the permanent set reinainmg is of the same order as that of 
fibres steamed for the same time at the same extension as those from which the cells 
were obtamed Permanent set is thus also a property of the cells themselves 

Cotswold wool fibres which have been relaxed m dilute caustic soda can also be 
dismtegrated mto cells, which recover during the process to rather less than the 
normal length These relaxed cells can be supercontracted still further by boiling 
water In this way cells of about half the normal length may be obtamed, their 
crystalline part shows itself m the form, just as does that of highly supiercontracted 
fibres 

By the combmed action of lateral pressure and steeun the colls from normal fibres 
can be compounded mto colierent transparent sheets which are elastic m cold water 
for extensions up to about 60% and extensible m steam or caustic soda by twice 
this amount These sheets can be relaxed, set, and supercontracted, m the same way 
as fibrM, and their tensde strength m water is about 25 % of that of the fibres It 
is suggested that the development of coherence durmg the treatment m steam is of 
a smular type to the development of permanent set m the stretched fibre 
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Smoe such differences as exist between the properties of the cells and those of the 
fibres are only of the same order as those which occur between various types of hairs. 
It IS clear that the behaviour of the dbres is for the most part due to the cells The 
histological heterogeneity of hairs can cdfect only the details of their behaviour 
Keratin, stretched denatured edestm, and stretched myosin are all anisotropic m 
their electrical properties, having different dielectric constants for fields parallel and 
perpendicular to the protem chains By hangmg discs of these proteins m an alter- 
nating electric field it is therefore piossible to determme the direction of the chains 


Polyphenol oxidase Pmification, nature and properties By D Kehin, 
F R S and T Mann {Received 11 January 1938 ) 

1 A comparatively simple method of preparation of highly purified polyphenol 
oxidase from cultivated mushrooms (Agartcua campestna) is described 

2 The activity of the enzyme in different preparations was determmed by two 
methods (1) manometrio, from the mitial rate of oxygen uptake by catechol at 
20° C , calculated per mg dry weight per hour and expressed as Qq, , and (2) colon 
metric, from milligrams of purpurogalline formed from pyrogallol m 6 mm at 20° C 
per mg dry weight and expressed as purpurogallme number (P N ) The amount of 
enzyme which, under those conditions produces 1000 mg purpurogallme is taken as 
one enzyme umt (E U ) 

3 The purest enzyme preparation obtained was completely free from haomatm 
and containexl only traces of iron and manganese 

4 The polyphenol oxidase of mushrooms was founii to be a copper protem com 
pound the copper being a constituent of the active group of the enzyme This 
extends the discovery of Kubowitz, who found that the corresponding oxidase in 
potatoes 18 a compound of copper with protem 

5 No proportionahty between the copper content and the enzyme activity was 
found for preparations rangmg from PN = 0 46toPN = 260 These preparations 
oontam large amounts of copper which does not belong to the enzyme Withm this 
range the amount of copper pier enzyme umt (E U ) gradually duniniahes from 196y 
to 7y Only when the copper content reaches a low and constant value of about 
3 2-3 6y per E U does the copper content become strictly proportional to the 
enzyme activity 

6 The purest enzyme preparation obtained has P N = 940, Oqi = 1.160,000 and 
copper content of 0 30 % As this copper content is higher than that of pure crystal 
Ime haemocyanme, which may vary accordmg to origm, from 0 173 to 0 26% 
(Hemler and Philippi), the enzyme may be considered as pure ly Cu of this enzyme 
transfers to catechol, at 20° C m 1 mm , about 8000 ounm 0| 9 6 mg of this enzyme 
(dry weight) was obtamed from 16 kg fresh mushrooms 

7 The crude extract of mushrooms readily oxidises only such compounds as 
catechol, pyrogallol and p-oresol Other related compounds such as hydroqumone 
and p phenylenediamme are hardly oxidised by this enzyme 

On purification, the enzyme gradually loses the property of catalysing the oxida- 
tion of monophenols 

8 All the oxidation reactions catalysed directly or mdirectly by the polyphenol 
oxidase are inhibited by KCN, H,8 and CO 
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The influence of radiation on ionization equilibrium By B Hrivastara 
{Communicated by M N Saha, FBS — Received 11 January 1938 ) 

The generalized ionization formula m the oaee of thermodynamical equilibnum 
for an assembly oonsisting of atoms, ions, electrons and radiation is derived, the 
particles being supposed to obey any statistics 

The ionization produced m matter has been found for the case when the reaction 
space 18 traversed by radiation at a higher temperature The electrons have been 
assumed to obey F D statistics, whde the atom and the ion are taken to obey 
Boltzmsum (classical) statistics The general ionization formula for this case is derived 
and two limitmg oases disouSsed The Woltjor Milne formula for ionization in any 
radiation field is readily obtamed as a special case of the general formula The ionization 
formula for the case when the electrons behave as a degenerate gas is also deduced 
from the general formula On substituting the usual expression for tho probability 
of ionization, viz i/rt=Cv-*, it is found that the ionization becomes much lees when 
the electrons are highly degenerate 
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Uranium h and the problem of nuclear laomerlam. By N Fbathbe and 
E Bkbtsohbr {CemrnwMcaitd by E V AppUUm, FBS — Rece%ved 
13 Januoury 1938 ) 

The radiationa from uramiim Z have been examined by the absorption method 
using a tube ooimter The effective quantum energy of the y radiation is 0 70 ± 0 06 
X 10* 6 volts and the mtensity 1 60 ± 0 25 quanta per dismtegration An analysis of the 
radiation mto oontmuous spectra with limiting energies 0 66 and 1 66 x 10* e volts, 
and mtensities in the ratio 17 1, is suggested, though it is pomted out that the 
component of lower energy is probably itself complex The uramum X, uranium Z 
branching ratio has been determmed as 686 ±65 1 

On the basis of these results the isomerism of the nuclei VX^ and VZ is discussed 
m the light of v Weizs&cker's hypothesis, and a level scheme is put forward which 
appears to account for ail the facts Reasons are given m support of the conclusion 
that uranium Z is formed from uranium X, m a y branching, rather than from 
uramum X^, directly, fi fi transformation 


On the primary decomposition of ethane and the reaction between ethane 
and nitric oxide ByT J Gbay,M W Tbavebs, PRS andF T Whitb 
(Recewed 14 January 1938 ) 

The thermal decomposition of pure ethane, and of a mixture of ethane and mtno 
oxide, have been studied at 690° m sihca apparatus by the method of detailed analyses 
The observation of Staveley (1937) that the addition of nitric oxide to ethane 
reduces the rate of primary decomposition is confirmed However, it is shown that 
a rapid reaction takes place between ethane and mtno oxide, without apparent 
increase m volume, which accounts for the fact that it wad not observed by the 
pressure meewurement method which Staveley employed The product of the ethane 
mtno oxide reaction at first moreases m concentration m the gas and then diminishes 
It has not been isolated 

The ethane mtno oxide reaction itself slows down after an mterval, but as it does 
so a reaction which appears to mvolve ethane and the product of the ethane nitric 
oxide reaction develops One product of this reaction appears to be ethylene 
The theory of free radicals cannot be used to explam the facta now put forward 
It 18 suggested that the ethane mtno oxide reaction operating with a lower aotiva 
tion energy than the primary decomposition process, removes hot molecules at a rate 
faster than they can be supplied to mamtam the Maxwell Boltzmann equihbrium 
The result is that the fonqpe process is to a considerable extent atU>3tUuied for the 
latter The ethane mtno oxide reaction m turn dows down at a rate faster than oan 
be accounted for by the removal of ethane or mtno oxide This is associated with the 
operation of a reaction between ethane and a product of the ethane mtno oxide 
reaction at an activation energy still lower than the ethane-mtno oxide reaction 
iteelf. 
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A method of photographing airscrew sound-waves. By W F Hn/roif 
(Commutucated by L BatrsUno, FR 8 — Received 16 January 1838 ) 

An expenmental technique has been developed for photographing the shook waves 
generated by an aueorew at all speeds above a oertam uritioal speed A modided 
form of spark photography was employed, and photographs were obtamod of the 
airscrew sound wave system at top speeds rangmg from 0 83 to 1 2 of the velocity 
of sound 

The photographs also reveal a trailing vortex from the blade tip, and an eddying 
wake behmd the blade These vortices and eddies are more diatmot at high speeds 
than at low, but there is no deflmte lower limit to the speed at which they can be 
photographed 

A method is advanced for calculating the pressure amplitude of the shock waves 
from measurements of photographs, and also for calculating the speed at which a low 
wave can first appear m front of the blade The wave velocity has been calculated 
from the photographs, and is found to be slightly greater than that of small amplitude 
sound waves 

A method of calculating the shape of the waves is exammed, but no mdioation is 
given of a wave front at tip speeds less than that of sound, whereas a very defimto 
wave front exists down to tip speeds as low as 0 85 of sound velocity 

The problem of noise reduction m aircraft is discussed 


The crystal structure and magnetic properties of CuSO, 5H,0 By 
K S KmsHKAN and A Mookhbrji (Communicated by Sir Venlata 
Raman, FR 8 — Received 18 January 1838 ) 

The crystal structure of CfuSO* 5H|0 has been analysed by X ray methods by 
Beevers and Lipson On the basis of the structure proinwed by them, and the theory 
developed by Van VIeok and others which attributes the magnetic anisotropy of 
a pwamagnetio crystal to the asymmetry of the strong electric fields acting on the 
paramagnetic ions m the crystal, the axes of the magnetic ellipsoid of the crystal, 
and its eooentnoity, arc deduced theoretically 

Detailed experimental data are given for the setting-directions and the magnetic 
anisotropy for several pianos iri the crystal The axes of the magnetic ellipsoid, and 
the orientations of the central circular sections of the elhpeoid (whioli give a measure 
of the relative magmtudes of the prmotpal diameters of the ellipsoid), are detormmed 
from the magnetic data They agree well with the results deduced from the structure 
The magnetic anisotropy of the ultimate paramagnetic anisotropic units, consisting 
each of a Ou++ ion and six negatively charged oxygen atoms surrounding it, which 
form a regular octobedron with one of its dirigonals elongated, are calculated from 
the magnetic and the structural data for the crystal Thsse paramagnetic umt groups 
are approximately tetragonal m symmetry, the susceptibility along the tetragonal 
axis being greater than for perpendicular directions by about 560 x 10-* per g ion 
of Cu+'^ This anisotropy gives us a measure of the asymmqtry of the electric fields 
acting on the Cu'*^'*' ions m the crystal 
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Diamagnetlsni of cadmium. By S Bamaouandba Rao and S SmBAHAy 
{Conmunxcated by 0 W Bwhardaon, FB 8 — Beeewed 18 Janvary 1938 ) 

Single crystals of cadmium were prepared by the method of alow ooohng and the 
principal magnetic susoeptibilitiee were determined by the Guoy method The 
influence of ferromagnetic impurities on the observed values was eliminated by deter 
mining the susoeptibihtiee at different field strengths m accordance with Honda’s 
method The mean values perpendicular and parallel to the hexagonal axis of the 
crystal were foimd to be — 0 163 eund — 0 223 respectively The magnetic anisotropy 
was 1 368 and the meem diamagnetic susceptibility for a polyorystallme aggregate 
-0 183 The value -0 163 of Xi w olose to that of McLennan, Ruedy and Cohen 
but our value of ;^|| is lower than theirs This makes the magnetic anisotropy of 
cadmium much nearer that of zmo than the earlier values indicated 

The influence of cold working on polyorystallme rods and single crystals of cadmium 
was investigated In the case of polyorystallme specimens, a small decrease was 
obtamed On the other hand, the prmoipal susceptibilities measured with smgle 
crystals showed no variation on cold working 

The influence of small quantities of foreign matter was also a subject of investiga 
tion Lead when added m small amounts affected the principal susceptibility normal 
to the c axis but not the value parallel to this axis The prmoipal susceptibilities 
did not alter as a result of adding small quantities of xmo 

Tliese results are exaramed m the light of the theory of paramagnetism of free 
electrons developed by Pauli, Landau and Peierls The valency electrons appear to 
contribute a paramagnetic component perpendicular to the o axis There is evidence 
for this from oleotneal conductivity data The results obtamed with the alloys are 
exammed m the light of these conclusions 


Tests of statistical hypotheses which are unbiased in the limit By J 

Nbyman (Communtcated byO U Yule, FB 8 — Becetved 19 Janvary 1938 ) 

Propositions I and II show that the conception of a test which is unbiased m the 
limit, first mtroduced m connexion with the “smooth” test for goodness of fit, is 
applicable to a great variety of problems, where techmoal difficulties prohibit the 
application of unbiased tests of type A Propositions III and IV provide the possi 
bility of determmmg approximately the power functions by calculating their limits, 
for fixed values of the standardisied errors m the hypothesis tested and for the number 
of observations mdeflnitely mcreasmg These theoretical results are illustrated on 
two examples 

Owing to the relative easmess of handling the tests imbiased in the limit promise 
to be of great use But it is necessary to remember their limitations t a test “unbiased 
m the hmit” may bo biased for any fimte number of observations, though the actual 
bias IS probably flrequently negligible We must remember further that the Pro 
positions HI and IV give us only approximate information concerning the power 
fbnction and, what is more, the degree of the approximation is not known It foDowi 
that some farther research m the matter is desirable 
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The probability of annihilation of positrons without emission of radiation 

By H S W Massey and E H S Burhoi* (('mmnumcated by B II 
Fowler, FB S — Becetved 19 January 1938 ) 

When mutual annihilation occurs on collision of an atuniio electron und a positron 
the energy liberated, insteatl of appearing as radiation, may bo absorbed by a second 
atoimc electron, resulting in its ejection from the atom In this jiaper the probability 
cross section for this radiationless annihilation process, involving the K electrons 
of a lead atom, is calculated with acciiracj, accoimt being taken of the* repulsive 
influence of the nucleus, retardation, spin spin interaction and electron exchange 
Estimates are also made of the contributions from other pairs of electrons and the 
conclusion is Anally reached that the total cross section for radiationless annihilation 
by lecid electrons attains a maximum value of between 2 and 3 x 10“*' cm • for 
positrons with energy 300,000 o \olt8 The possibility of observmg the phenomenon 
IS briefly discussed 


The adsorption of vapours at plane surfaces of mica I By D H 

BAitOHAM and S Mosau^am (Communicated by D L Chapman, FB S — 
Received 20 January 1938 ) 

Measurements have been made of the quaiititios of benasene, carbon tetrachloride, 
and methyl alcohol adsorbed at a known surface area of mica at pressures rangmg 
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from 0 02 mm to near saturation The general shape of the benzene isothetm la 
sigmoid, convex to the adsorption axis at lower pressures, where the Langmuir 
monolayer is moomplete, but becoming markedly convex to this axis near saturation, 
where the film is multimolecular The same isothermal is obtained when the mica 
plates are separated by fine wires as when they are packed closely face to face 
Capillary condensation of liquid m moipient cleavages at the mica edges does not 
take place, and the thick films have properties which distinguish them from the 
bulk hqiuds The isotherms of benzene and methyl alcohol at lower pressures agree 
well with the theoretical equation for films of mobile molecules oriented end>on to 
the surface, but Langmuir’s equation leads to limiting adsorption values for the 
monolayer which bear no relation to the lattice constants of the mica The isotherm 
of carbon tetrachloride shows marked discontinuities, and a determinmg factor in 
the adsorption of this substance appiears to be the tendency of the molecules to clustei 
together 


Polish on metals By W Cochrane (Commun%ccUed by G P Thomacm, 
PR S — Received 20 January 1938 ) 

When electron difiraction patterns consisting of diffuse rings are obtained by 
Thomson’s reflexion method, their mterpretation is unoertam smce such diffuseness 
may be caused by the geometrical configuration of the surface of the specimen The 
pattern of two haloes obtamed by previous workers from polished metal surfaces 
cannot, therefore, be held to prove the existence of an amorphous layer of metal 
although there is some evidence m favour of this view In order to elinunate tlus 
d^culty, a thm layer of gold was formed on a mckel base The gold film was polished, 
then stripped off and exammed by transmitted electrons mcident normal to the film 
In this case the pattern does not depend on the form of the surface of the film. The 
resultmg pattern consisted of three diffuse nngs It was deduced that the film 
consisted of very small crystal grains and that the atoms m the polish layer of a meted 
are arranged similarly to the atoms m a monatomic close packed hqmd at a given 
instant After a period of 16 hr the polished gold film yielded a transmission pattern 
of sharp nngs charactenstic of polycrystallme gold, showmg that crystal growth had 
taken place with a return to the normal orysted size 


The spectrum of thallium chloride By H G Howell and N Coitlson, 
(Communicated by W E Curtta, PR 8 — Received 22 January 1938 ) 

The spectrum of TlCl has been studied m absorption and also m emission by means 
of a high frequency discharge Contmua and diffuse bands together with a discrete 
band system have been found m absorption within the region 2600-3600 A The 
band system also occurs m emission. It is considered that the transition is | xr 
the levels having the following constants 
Level V 

I 31064 2 216 01 6 80 

Q 287 47 1 24 
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The analysis of this ^tein given by Butkow is shown to be inoorreot Pre- 
dissociation occurs in the band system and is probably responsible for the band 
mtensities being the same m both emission and absorption An attempt to identify 
the electromo levels of TlCl based upon the similarity of the spectrum to that of 
TIF has been made 

No sign of the Tljo, isotope has been detected whereas the Cl isotope effect completely 
supports the proposed analysis 


Hyperfine structure, Zeeman effect and isotope shift in the resonance 
lines of potassium By D A Jackson and H Ktthn {Vommunicated 
by F A Lindemann, FR .S' — Received *24 January 1938 ) 

1 The mtonsity ratio of the hyperlino slruoturo components of the resonance 
Imes of K 39 was measured by the method of absorption m an atomic beam The 
value 1 46 found agrees with the value required by the spm 3/2 if allowance is made 
for the overlappmg by the Imes of the 14 tunes rarer isotope 41 The component of 
longer wave length was the stronger, showing that the nuclear magnetic moment of 
K 39 IS pcwitive 

2 By usmg three atomic beams m senes, of oollunation 1/36, it was possible to 
resolve the Imes of K 41 as two satelhtes on either side of the weak component of 
K 39 The ratio of the splittmgs of the Imes of K 39 and K 41 is found to be 1 77, 
m good agreement with the value 1 80 found by Manley m magnetic deflexion expori 
ments The magnetic moment of K 41 is positive, like that of K 39 

The lines of K 41 have an isotope shift of + 0 0076 cm relative to the Imes of 
K 39 The theoretical centre of gravity shift, considering jxitassium as hydrogen like, 
» +0*0087 cm 

3 The Zeeman Effect of the hyperfine structure of the line 4S| - 4*P| of K 89 
was mvestigated Each of the two it components was found to consist of four lines, 
proving that the nuclear spin of K 39 has the value 3/2, m agreement with magnetic 
defiexion experiments and the measurements of the intensity ratio of the hyperfine 
structure Imes The observed positions of tho lines are m close agreement with the 
positions requuod by the quantum theoretical formulae 


Further investigations of the velocity of propagation of light m vacuo in 
a transverse magnetic field By C J Barnwell and C C Fare, F R S 
(Received 26 January 1938 ) 

An experiment designed to determine to a higher degree of precision than before 
the effect of a tremsverae magnetic field on the velocity of proiiagation of light, in 
vacw), 18 described An mterferometer method, using the Miohelson arrangement, is 
employed, one mtorfering ray passing through the field m the gaps of three electro 
magnets and the other not A photorfeotno cell, and amplifier, is used m conjunction 
with a gsivuiometer, to record band movements on a moving photographic strip, 
the resulting record being subsequently measured by means bf a planimeter By 
the mean of the results iirom a number of such records, and by carrying out 
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preliminary check expenmento, it is considered th»t all the tPAin causes tending to 
give a spunous effect greater than cm assignable amount have been elintmated. Tli^ 
flnal expenmental results mdicate that, in a transverse magnetic field of 30,000 
with residual air at a pressure of 0 00 mm , the velocity of light increases by 83 2 csa./ 
sec , with a probable error of 21 cm /sec In view of the relatively large protoble error, 
and for other reasons, it is considered that the result may be spurious All that can bo 
' said defimtely is that m such a field the effect is less than 1 part m about fi x 10* 


The scattering of cosmic ray particles In metal plates By P M S 

Blackett, F R S and J G Wilson (Received 27 Jamiary 1938 ) 
Measurements have been made of the multiple scattering of cosmic rays In the 
followmg metal plates 0 33 un lead , 1 0 cm lead , 2 0 cm copper The range of 
values of Hp of the tracks extended from 10* to 3 x 10’ gauss cm , corresponding to 
electron energies of 3 x 10’ to 9 x 10* e volts 

The observed average angle 0 of the multiple scattering is found to be nuariy 
mversely proportional to the measureii values of Hp, and to be m fairly close agree 
ment with the prediction of theory for rays of any ipass, but with velocity nearly 
equed to o 

At high energies, the observed values are somewhat higher than expected This 
diserepanoy, which may be partly due to expenmental error, will be further m 
vestigated 

This result, that the scattering of the penetratmg component is normal, while the 
radiation loss is much less than that expected for electrons, gives support for a heavier 
rest mass for the rays But this oonolusion is not quite oertam 

THS^llevei^ment of the spark discharge By T E Alubonk and J M 
Mbbk {CommumceUed hy 8 R Milner, FR 8 — Received 31 January 1938 ) 
A general aocoimt is given of the development of the high voltage eleotno spark, 
based on the study of over^OOO photographs taken with a rotating film camera. 

The eleotno spark is shown to consist of two prmoipal components, a leader stroke 
and a mmn stroke — analogous to the lightning flash A leader stroke mvanably starts 
ftom a positive electrode, and sometunes also starts from a negative eleotro<|aJ 
sometimes the structure of the leader stroke is simple, sometimes it is of the' ‘ Mepped 
vanoty The leader stroke is always branobod at many |daoee, and the direction of 
branching is the direction of its propagation m space branching thus forma a oritenan 
of the direction of leader •stroke development The mam stroke develops m the revaroe 
direction to that of the leader stroke and at a velocity too high to be recorded. The velo* 
cities of the positive and negative leader strokes are of the order of 10*-10’ cm /see , 
the poBitiv^Jeaders being the faster Oscillograms of current and voltage support the 
photographlo results Multiple stroke discharges have been produced and show the 
oharooteristios of the multiple lightning flashes , the first is initiated by a slow leader 
stroke and is branched, the subsequent mom strokes are either without Jeader strokes 
or ^ resolution of the camera is madsq;aate to iriiow them: Ui^ are not Iwanohed 






